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SYNOPSIS 
Chromate conversion coatings have been widely used for 
conferring protection to a range of metals. However, their 
formation is carried out primarily from hexavalent ion 
CCrVI) solutions, thus causing effluent disposal problems. 
Molybdates and tungstates are members of the same periodic 
group, their toxicity is much lower and hence they are 
logical alternatives. 
The possible replacement of chromates by molybdates 
and/or tungstates has been investigated. Potentiodynamic 
polarization was employed as the basic technique to examine 
the electrochemical behaviour of tin and zinc in solutions 
of alkali-metal molybdates, tungstates and chromates. 
Unusual cathodic characteristics were observed where a 
sudden fall in current on the cathodic polarization curve 
was noted. This phenomenon was termed "fall-back", and was 
attributed to a reduction of the surrounding solution promot-
ing a surface film. This theory was tested using ESCA on 
cathodic molybdate coatings formed on tin and zinc. Results 
showed that the "fall-back" phenomenon did not appear to have 
a direct bearing on the valency of the molybdenum in the 
coating. 
Other experimental investigations were carried out to 
examine "fall-back" by carrying out current vs time curves 
around the "fall-back" phenomenon region on the cathodic 
polarization curve. A 400 hour salt spray test showed 
molybdate coatings on zinc were not as protective as some 
kinds of chromate. The test was insufficiently aggressive 
to appreciably corrode the tin samples. 
Work was also carried out on the feasibility of a 
dilute sodium molybdate dip solution for zinc. Tests 
indicated strong colouring ability but poor corrosion-
protection qualities in the 400 hour salt spray test. 
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Chromates have been commonly used as passivating 
oxidants for many years, and have been utilized as 
corrosion inhibitors and as the basis of many conversion 
coating processes. The chromating process was first applied 
to magnesium in 19241 and is now used on aluminium, tin, 
zinc, cadmium, copper and silver. Coating colours vary from 
irridescent to dark brown depending primarily on the thick-
ness and CrIII content of the film. Although the process 
solution contains CrVI , this is generally reduced to CrIII 
viz:-
ANODE 2+ M -~> M + 2e 
CATHODE Crn ~ CrIII + 3e 
Consequently:-
M2+ + Cr III -~) MO·Cr203 
type films 
Processing methods range from a slow dip treatment in 
chromic acid, which has the virtues of simplicity and low 
costs, to specific metal treatment such as the Protecta-tin 
process employing a hot alkaline solution of sodium chromate 
and sodium hydroxide. 
Although the formation of conversion coatings is a 
major use for chromates, they have also found widespread use 
as corrosion inhibitors, partic'ularly in circulating water 
systems. However, the toxic nature of the CrVI state and the 
consequent effluent disposal problems, has led to the search 
for a less toxic, viable alternative. Other group VIA oxy-
. anions seem logical alternatives. 
--
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The earliest examination of the characteristics of the 
group was carried out by Pryor and Cohen2 , who were primar-
ily concerned with the group as anodic inhibitors. Further 
work has fo11owed 3- 6 and it appears that in certain con-
ditions and in certain forms molybdates may be a viable 
alternative to chromates. They have been recognised for 
their value as corrosion inhibitors for many years and 
although not possessing the oxidizing power of chromates, 
their lower level of toxicity has led to their adoption. 
Molybdates have also been incorporated into protective 
paint systems as inhibiting pigments. Their adoption has 
been largely as a result of increasingly stringent D.S. 
Federal standards governing the permissible levels of toxic 
substances in paints. The target of these standards has 
generally been pigments containing lead and chromium. The 
use of mo1ybdates in conversion coatings has been under-
taken less widely, although several patents and formulae. 
have been pub1ished7- 11 using molybdates as colouring 
. agents for metals, particularly zinc. 
Tungstates have been less widely adopted than mo1yb-
dates as inhibitors. This is probably due to their recent 
high purchase cost, for example in 1977 in laboratory scale 
quantities sodium chromate was £7.48/kg, compared with 
£8.38 for sodium molybdate and £20.68 for sodium tungstate. 12 
However, at today's prices (1983) there is very little 
difference between the cost of sodium tungstate and molyb-
date. Recent work by Krij1 and Van de Leest13 has shown that 
tungstates can form adequate coatings on tin~ imparting 
-3-
protection against aqueous corrosion and tarnishing and also 
po'>5.essing sufficient solderabili ty for mos t applications. 
The coatings were formed cathodically by the imposition of 
a periodic reverse current. 
The use of conversion coatings is a well-known method 
by which metals can be protected from corrosion in relative-
ly mild environments, e.g. on tin plate in food cans or on 
zinc plated nuts and bolts. Conversion coatings can also be 
used to improve paint adhesion by providing an oxidative 
crosslinkage and by "keying" or mechanical interlocking 
with an applied paint film. The term "conversion coating" 
can be applied to any coating formed on a metal surface by 
reaction between that surface and the anions of a particular 
applied medium. 
Apart from chromating, the other major chemical con-
version process is phosphating. These coatings are princi-
pally applied to ferrous metals and zinc. They range in 
complexity from simple dipping in dilute, hot phosphoric 
acid for around thirty minutes to commercial solutions with 
proprietary names such as Coslettite, Parkerite and 
Bonderite; the latter two systems employ accelerators to 
speed up the process to around five minutes. 
Anodized surfaces can also be considered as conversion 
coatings. This technique can be defined as an electrolytic 
process for thickening and stabilizing oxide films on metals. 
It is most widely used on aluminium although it can be 
applied to other metals, e.g. Cu, Cd, Fe, Mg, Zn, Ti, Ta, 
Nb, Zr etc. Other minor conversion coating processes exist 
-4-
such as oxalating and the formation of black oxide finishes. 
However, in terms of volume production these are not 
significant. 
In searching for a replacement to chromate conversion 
coatings (for say tin cans) it is apparent there are several 
possible alternatives. 
Oxy-anions from the same periodic group (e.g. mol~b­
date and tungstate) could be used. These have the advantage 
of a comparatively low level of toxicity. Another altern-
ative would be to modify the chromate process and use a 
wholly trivalent chromium solution. Bar~es et al14 have 
suggested the use of the leather tanning salt "Chrometan" 
(33%) together with a suitable oxidant such as a nitrate and 
a complexant for the trivalent chromium. The process could 
then be 
and 
4M + HN03 + 8H+ 
MZ+ + CrIII ~ MO.CrZ03 
type films 
Phosphating is a possible alternative; however, its dura-
bility as a protective layer on tin is questionable l6 • Non-
. I ~ d I metallic coat~ng systems, e.g. ~quer or spraye po ymers 
could be alternatives, however, their main disadvantage is 
high cost. 
This project has investigated the first alternative, 
namely the analogues of chromate. It is primarily concerned 
with the electrochemical polarization characteristics of 
metals (tin and zinc) in solutions of molybdates and tung-
states. Some work has also been carried out on chromates in 
- 5-
an attempt to provide a correlation between the three 
group VIA oxy-anions. In essence the aim has been to cover 
5", <-
in more detail some aspects of the work started by Bijimi. 
The polarization characteristics of both zinc and tin 
have been examined in primarily I.OM solutions of molyb-
dates, tungstates and chromates. Early data indicated that 
molybdates and tungstates were possibly reduced in solution 
during cathodic polarization, the evidence being a sudden 
decrease in current, illustrated graphically as a "kink" in 
the polarization curve. This phenomenon was exhibited by 
both tin and zinc in various solutions of different concen-
tration and pH. A third variable, that of temperature, was 
introduced, tests being carried out at 200 , 400 and 600 C. 
Analysis of films formed during cathodic polarization was 
carried out using ESCA !-ec.l-.n,<vv,,-s.·-
. . 
-.A literature survey was also carried out in an attempt to 
discover a connection between observed experimental phenom-
ena and those reported by other investigators. 
---
REVIEW OF 
LITERATURE 
- 6-
CHAPTER 2 
CORROSION BEHAVIOUR OF TIN AND ZINC 
2.1 Similarities of Tin and Zinc 
Reference to the Pourbaix diagrams (Fig. 1 and 2) for 
tin and z'inc indicate that both metals in essence exhibit 
broadly similar characteristics. Both have a central passive 
region where dissolution of the metal is reduced by the 
formation of an hydroxide film. However, in the case of tin 
this region is considerably larger in terms of pH range. 
Both metals corrode by dissolution at high and low pH values, 
although since zinc has a small range of passivity the range 
of pH values at which dissolution takes place is much larger. 
2.2 Corrosion Behaviouro'f Tin:16 ,17 
2.2.1 Atmospheric Corrosion 
The surface of dry tin is normally covered with an 
oxide film which, on removal, will quickly reform on 
exposure to air. This oxide layer ensures that in clean, 
dry air at ordinary temperatures tin will remain bright 
indefinitely. The increase in thickness of the oxide layer 
is so slow that the only discernable change in surface 
appearance is a slight discolouration after some years. At 
higher temperatures the rate of thickening of the oxide 
layer is increased, e.g. after some hours at 1900 C inter-
ference colours can be observed. The resistance of tin to 
........ severe high temperature oxidation and general indoor 
corrosion has led to its adoption as the element in 
electrical fuses . 
. ,,. 
---
--
,-
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In atmospheres sheltered from rain without exceptional 
pollution, tin does not tarnish but becomes gradually dull, 
and finally some white corrosion products may form. 
~\.I\rh\~'" 
Pollutants such as sUlphur dioxide and-hydrogen~at a 
"normal" industrial level has no deleterious effects, 
however at extremely high levels darkening or tarnishing 
occurs. Tests carried out in a Stevenson screen (Table 1), 
with outdoor humidity changes but no rain, indicated that 
_ tin was slightly inferior to copper but superior to nickel. 
The results were due to the nature of the corrosion 
products. Nickel forms deliquescent products which were 
harmful, copper produces protective products, whilst those 
of tin can be regarded as neutral. A.S.T.M. tests on the 
resistance of tin to corrosion for periods of up to 20 
years gave corrosion rates expressed as average penetration 
as follows:-
Industrial locality 
- Sea coast 
Rural locality 
0.125 
0.175 
0.05 
- 0.175 p.m/yr 
- 0.275 " 
" 
Tin also resists atmospheres polluted with vapours of 
organic acids, e.g. formic or acetic. However, halogens and 
the fumes of concentrated acids will cause corrosion. In 
exposure to the atmosphere tin has an advantage over other 
metals in that its corrosion products are not hygroscopic 
and hence corrosion does not occur in humidities below 100%. 
./ 
-8-
2.2.2 Corrosion in nea~-neutral aqueous media 
Reference to the corrosion vs pH diagram of Chatalov 
(Fig. 3) indicates that in near neutral solutions the rate 
of corrosion is at its lowest. In fact in hot or cold dis-
tilled water tin slowly forms an insoluble oxide thus 
promoting only a slow release of metal ions into solution •. 
However corrosion can occur in solutions containing salts 
which form soluble salts with tin, e.g. chlorides, bromides, 
sulphates and nitrates. The local breakdown and subsequent 
pitting caused by these agents leads to a condition known 
as "Black Spot" where the initial formation of pits appears 
as a series of black dots - usually surrounded by rings of 
tarnish colours. As corrosion proceeds a solid white 
corrosion product, consisting principally of stannous oxide 
wi th about .20% stannic oxide, appears above the pits or 
moving down from them. This type of localised action does 
not require the presence of inclusions or other surface 
defects. Electrochemical research into the phenomenon of 
'black spots' indicates that their formation stems from 
anodic attack of the metal at weak points in the oxide film. 
This produces hydroxide which heals the film but depletes 
the OH- concentration and if the spot is not healed in 
sufficient time the surrounding solution becomes increasing-
ly acid and causes anodic dissolution. At such spots the 
film is not in optical contact with the metal and reflects 
no light thus appearing as a black spot. 
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The protective oxide film on tin can be increased in 
aqueous solution by the addition of oxidizing agents such 
as chromates. This phenomenon has been utilized industrially 
by processes such as 'Protecta-tin'. 
Due to its behaviour in near neutral aqueous solutions 
tin can resist corrosion in soft waters which are free from 
chlorides. In fact Hoarl8 has shown that increasing the 
chloride concentration gave more rapid breakdown of the 
oxide film. In hard waters, although the bicarbonate ion can 
be protective (formation of insoluble salt), high chloride 
content, low alkalinity or the formation of a scale which 
screens part of the surface may favour the progress of local 
corrosion. 
Seawater produces a more general corrosion, forming a 
layer of tin oxychloride. This film is not wholly protective 
but does slow anodic dissolution and a corrosion rate of 
0.0023 mm/yr has been observed over four years. 
2.2.3 Corrosion by Acids 
In general tin can be corroded by acid solutions of a 
pH of less than 3. However, solutions of a higher pH may be 
deleterious if they form complex ions with tin. The over-
riding factor which governs the rate of dissolution is the 
difficulty of the .metal surface to liberate hydrogen. Thus 
in a weak acid solution, in the absence of oxygen (or other 
oxidizing agents) the only cathodic reaction is hydrogen ion 
reduction, and because of the large hydrogen overpotential 
this is less favourable. However, with a supply of oxygen, 
or in the presence of an oxidizing acid, the cathodic reaction 
1 
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of hydrogen reduction is increased, and hence the corrosion 
rate is raised. The effect of oxygen can be summarised in 
Table 2. 
Attack by mineral acids can be considerable, hence 
negating the use of tin coatings for purposes where contact 
with such acids is possible. Nitric acid and some other 
oxidizing acids dissolve tin fairly rapidly at all concen-
trations. Chromic acid, however, can form a protective 
layer on tin and phosphoric acid (the least aggressive of 
the mineral acids), apparently forms a phosphate coating 
which is partially protective. 
Organic acids have less effect on tin than mineral 
acids, and the effect of oxygen is increased since the lower 
~n 
hydrogenAactivity of the former makes the hydrogen ion 
reduction reaction more difficult. Weight loss figures for 
tin in various 0.1 N organic and mineral acids is shown in 
Table 3. It should be noted in this table that the increase 
in weight for oxalic acid is due to the adherence of the 
corrosion products. Tin forms complex ions with some organic 
acids such as citric and oxalic and the subsequent lowering 
of concentration of free tin in solution causes a lowering 
of the electrode potential to such an extent that tin can 
become anodic to steel. Such polarity reversals are dealt 
with in Section 2.2.6. 
In acetic acid tin does not corrode in cold dilute 
solutions but hot or strong solutions are corrosive in 
liquid or vapour form. In the bottling of vinegar, for 
example, the concentration of acetic acid above the liquid 
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surface is not high enough to be harmful to tin, and hence 
tin capsules are used in closures to vinegar bottles. 
Oleic and stearic acids are not corrosive at room 
temperatures and phenol was found to have no effect on tin 
for 18 months at 30oC, but above 1000C some adverse effects 
occurred quickly. Weaker organic acids have little effect 
but are used as cleaning agents in tin coated vessels (such 
as dairy equipment) because they do remove scale. Carbonic 
acid has only a very slight action and hence carbonated 
drinks can be safely packaged in tin coated cans. 
2.2.4 Corrosion by Alkalis 
Tin is corroded in alkaline solutions if the pH is 
sufficiently high to dissolve the oxide layer. However, the 
actual pH is dependent on conditions such as temperature, 
the composition of the solution and the state of the ·oxide 
film. In general, corrosion will occur at ordinary tempera-
tures at pH's of 12 and above, although dissolution is 
possible at pH values as low as 10. The nature and concen-
tration of the alkali is important too. For instance, in the 
cleaning of tin with alkaline detergents, caustic soda 
solutions are active on immediate contact with the metal. 
Milder alkalis such as sodium carbonate, even when highly 
alkaline, may have. an induction period before activity 
begins. 
Halides in alkaline solution increase the threshold pH 
necessary for activity, e.g. 0.06% NaCl added to carbonate 
solution raises the activity threshold from 8.4 to 9.5. 
Additions of silicate, phosphate, copper, silver, lead or 
.. '------
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zinc ions also favour passivity, but sulphide ions produce 
activity . 
. When corrosion is initiated in an alkaline solution 
its progress is governed by the supply· of oxygen or depolar-
izing agents. As with acid solutions, the high hydrogen 
overpotential of tin inhibits the cathodic reduction of 
hydrogen ions, and hence there is little evolution of 
hydrogen gas. In fact the addition of an oxygen absorbing 
compound such as sodium sulphite can reduce an alkaline 
solution to almost a non-corrosive state with respect to 
tin. Addition of oxidizing agents stimulates corrosion, but 
high concentrations can be completely protective. In this 
manner hot alkaline chromate cleaning solutions are efficient. 
It is as cleaning agents that alkalis have their greatest 
importance to tin. The aim is to descale the surface whilst 
keeping corrosion to a minimum and hence additions of sodium 
sulphite are used to maintain low levels of aeration. 
··2.2.5 Corrosion iI'iotherLiquid Media 
Since there is little effect of milk products on tin, 
tin coated equipment is used extensively in dairy transport, 
processing and storage. Longer exposure times can, however, 
produce local corrosion - black spots being produced. 
Sulphide-containing f?od media produce stains which 
are unappealing to the eye, but cause little loss of metal. 
Beer can cause a trace of tin to be dissolved from metal 
exposed to it. However, pre-immersion in waste beer or pass-
ivation in alkaline chromate can alleviate this problem. 
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Petroleum products have a very slight effect on tin. 
Fuels such as petrol, alcohol and benzene or alcohol-
petrol mixtures have no effect, although contaminants such 
as sulphur together with water are possible sources of 
trouble. 
2.2.6 Potential Reversals 
As mentioned earlier tin when galvanically coupled to 
steel in citric or oxalic acid can become anodic with 
respect to the latter. This is because the complexants 
lower the potential of the tin E(Sn2+/Sn) reaction to more 
base values. 
This phenomenon has been exploited in the manufacture 
of food and drink cans. On the exterior of the can tin and 
the steel substrate have the following reversible electrode 
""_ potentials: 
Sn EO = -0.136 V 
Fe : EO = -0.44 V 
and hence corrosion of iron can occur in humid conditions. 
Inside the can many reactions can take place, viz: 
(i) tin dissolution 
(ii) sulphide staining (see p. 12). 
(iii) galvanic corrosion in which tin 
sacrificially protects the steel 
The potential reversal which allows reaction (iii) to take 
place occurs in specific foodstuffs. Acid citrus fruits are 
a prime example where the potential reversal is caused by 
the lack of internal oxygen and also the presence of organic 
acids which act as complexants with tin. 
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Table 4 indicates rest potentia1s for tin-iron couples 
in various electrolytes. 20,21 A positive (Sn-Fe) potential 
difference indicates iron is anodic and will thus dissolve, 
whereas a negative value will indicate the anodic dis-
solution of tin and thus the accompanying sacrificial 
protection to the steel substrate. 
Work has recently been carried out to investigate the 
effect of these ions on potential reversals. Remedies to 
the dissolution of the tin layer include the use of a 
diffusion produced intermediate alloy layer and also the 
introduction of lacquers. The latter may also promote the 
use of aluminium or tin-free steel as alternatives to tin. 
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When connected in a galvanic couple with mild steel 
in an electrically conducting solution, zinc will dissolve 
anodica11y and hence confer sacrificial protection to the 
former. Thus zinc has been utilized as a protective coating 
to many exterior mild steel structures. 
Zinc in contact with moist air corrodes and forms 
mainly zinc carbonate which is partially protective. Thus 
in unpolluted atmospheres the corrosion of the underlying 
zinc is very slow. However, in polluted industrial atmos-
pheres these protective basic carbonates are continually 
dissolved by substances such as sUlphur dioxide, this 
and the subsequent film repair mechanism leads to a higher 
corrosion rate. With zinc coated steel if any of the sub-
strate metal is exposed in a moisture containing atmosphere 
---
". 
.-, " 
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the zinc will sacrificially protect it. If the steel is 
exposed by a scratch then corrosion products from the 
surrounding zinc tend to fill the gap and hence reduce the 
corrosion rate. 
The life of a zinc coating depends mainly on the nature 
of the atmosphere, and in particular the sulphur dioxide 
content, and the duration of wet conditions. The sulphur 
dioxide combines with the moisture on the zinc surface to 
produce an acidic environment in which the partially 
protective zinc carbonate dissolves, and consequently more 
metal needs to go into solution to maintain the film. 
Typical lives of coatings in differing atmospheres are 
shown in Table 5. 
2.3.2 Corrosion in Water 
Zinc immersed in distilled water containing oxygen 
probably passes into solution as hydroxide. As corrosion 
continues the supersaturation becomes so great that solid 
zinc hydroxide can be observed close to the metal. The 
deposition of zinc hydroxide leads to a protective coating 
covering the metal, but a few spots still remain unpro-
tected. At these spots zinc dissolution forms zinc hydroxide 
which deposits on the existing film. These spots undergo 
localized attack and hence form pits surrounded by rings of 
zinc hydroxide. 
In mains supply water (5.0 < pH < 8.0) calcium bicarbonate 
(temporary hardness) is generally present and this is pre-
cipitated as adherent calcium carbonate scale. This scale 
coupled with natural zinc corrosion products, leads to an 
",. -'" 
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impervious layer. If this layer is sufficiently dense it 
can considerably lessen the corrosion rate of domestic 
water systems. However, certain factors can disrupt this 
protection, such as small quantities of copper (e.g. 0.1 
part per million) which can cause rapid pitting corrosion. 
Also if the water has high quantities of uncombined carbon 
dioxide, the protective scale does not form and thus 
corrosion is increased. 
In sea water zinc coatings can corrode at rates as 
high as 25pm/yr but they do provide the best edge and gap 
protection for steel. 
2.3.3 Corrosion in Acids 
The corrosion rate of zinc in acid solutions of pH-< 6 
is rapid and theoretically rapid evolution of hydrogen can 
take place. However, in the absence of impurities the over-
potential of zinc greatly affects the rate of dissolution. 
Thus in non-oxidizing acids, even though zinc is more base 
than iron, it will liberate hydrogen more slowly. The 
bubbles that are evolved will rise from points of low over-
potential such as the edges. 
If commercial zinc is placed in dilute acid it starts 
. to dissolve relatively slowly. However, as any impurities 
pass into solution. they are precipi~ated as a black spongy 
mass on the metal surface· and at the same time the corrosion 
rate increases. If the black matter is removed the corrosion 
rate subsequently falls. This black spongy matter is made up 
of noble impurities such as lead, cadmium and copper. 
• 
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Electrochemical studies indicate that it is cathodic with 
respect 'to the zinc, and consequently is the reason that 
the zinc dissolution is increased. 
2.3.4 Corrosion in Alkalis 
Zinc corrodes at a high rate in strongly alkaline 
solutions of pH> 12. It would be reasonable to assume that 
the rate of corrosion would be slower than in acid solutions 
because the low hydrogen ion concentration would raise the 
cathodic potential in a negative direction, and thus reduce 
the EMF of the metal/hydrogen cell. However, this is over-
compensated by the metal passing into solution as a complex 
ion and so keeping the metallic cation activity low, shift-
ing the anodic potential in a negative direction and thus 
increasing the E.M.F. For example, zinc exists in a sodium 
zincate solution as zno2
2
- and in a less alkaline solution 
as HZn02-. 
2.3.5 'Potential Reversals 
As tin can experience a polarity reversal when coupled 
to mild steel in some weak organic acids, zinc can also 
exhibit this phenomenon with steel in a critical temperature 
range of 400 -800 C. 
The example of the iron-zinc couple is particularly 
important because of the extensive use of zinc as a sacri-
ficial anode in cathodic protection schemes, and also as a 
general sacrificial coating on steel. The polarity reversal 
, occurs when the zinc undergoes passivation. In chloride-
containing waters, this passivation is unlikely, however. 
At higher temperatures zinc passivates in aerated natural 
----- ..... 
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waters, thus making it unsuitable for use in domestic hot 
water storage tanks. At or near the critical temperature 
the polarity reversal is time-dependant as indicated in 
Fig. 4. 
-'-
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CHAPTER 3 
EXTRACTION METALLURGY AND TOXICITY 
3.1 Chromium 
3.1.1 Ores and their Distribution 
The mineral chromite (Mg,Fe)(Cr,A1,Fe)204 is the only 
commercially viable source of chromium. It is also the major 
source of chromates viz: 
Production of chromium can be carried out in many ways. 
With the thermit process the oxide is reduced by metallic 
aluminium or magnesium in powdered form. Another method 
is carried out in vacuo in an electric furnace using carbon 
or silicon which gives a 99% pure metal. Even purer metal 
- can be made by passing absolutely dry hydrogen at 100 mm 
pressure and 900oC. A further method is the reduction of 
:.chromic-ch1oride CCrC13) by potassium or sodium. 25 
Chromite, the principle ore, is mined mainly from 
South Africa, USSR, Turkey, the Phil1ipines, Southern 
Zimbabwe, USA and Yugoslavia. Smaller quantities are found 
in New Caledonia, Cuba, 'India, Japan, Greece, Pakistan, 
26 Iran, Sierra Leone and Cyprus . 
.-... -...... 
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3.2 Tungsten 
3.2.1 Ores 
Tungsten is the 18th most abundant metal in the earth's 
27 TOO 0 1 od d crust. ungsten-conta1n1ng m1nera s are W1 esprea , 
although .rich deposits are relatively rare. The two main 
economical groups of ores are the wolframites and the 
scheelites. The wolframite group comprises wolframite, 
ferberite and huebrierite. Wolframite is an iron manganese 
tungstate compound ((FeMn)W04) having a composition of 76.5% 
W0 3 with up to 14.5% Mn and 14.7% Fe.
27 The scheelite group 
contains only one commercially viable mineral, scheelite 
3.2.2 Geographical Distribution of Ores 
World distribution of tungsten ore is fairly widespread 
. and mining is carried out in every continent. About two-
fifths of world production is in China (see Table 6) and the 
USSR. China has been the largest producer since 1918, wolfra-
mite coming from the Jiangsci Province and scheelite from the 
Hunan Province. Early workings were of the surface or shallow 
underground type, but more recently workings have been driven 
27 
much deeper. 
Although the USSR used to buy Chinese tungsten, selling 
the surplus, today it is a significant producer and exporter • 
. The other major Eastern Bloc exporter is North Korea. 
Western ore deposits are chiefly found in the western mountain 
ranges from Alaska down to Chile. Principal producers are the 
USA, Canada, Bolivia and Brazil, who together produce about 
--- ' 
--
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40% of the western world's supply. Other western producers 
include Australia, the Republic of Korea, Thailand, Western 
Europe and Japan. 27 In Great Britain the most important 
tungsten ore deposits are at Hemerdon in Devon, but signif-
icant deposits have also been found at Cliffe Head in 
'28 Cornwall. 
3.2.3 Production of Tungsten 
Tungsten metal is usually extracted from wolframite 
, 
concentrates. These are fused with soda ash at ,800-900oC 
thus oxidizing the iron and manganese and vapourizing 
impurities such as sulphur and arsenic. After leaching the 
metal is in the form of sodium tungstate, which is then 
purified by fractional crystallization. Calcium chloride 
is added to produce artificial scheelite (calcium tungstate). 
This is reacted with HCl to form tungstic acid. This is then 
dissolved in alkali and precipitated in acid until the 
required purity is reached. The resultant mixture is then 
reduced at 600-800oC with hydrogen and the final powder is 
sintered and pressed to give a bar of metal which is then 
subjected to a powerful electrical current which alters its 
d . 2S ens1ty. 
3.2.4 Production of Tungstates 
The monotungstates, such as sodium tungstate, can be 
prepared by the fusion of tungsten trioxide and the alkali 
hydroxide or carbonate in equivalent proportions. Heavy 
metal tungstates are produced by fusing together an alkali 
,tungstate and a heavy metal chloride. Anhydrous sodium 
. ,-, 
, .,- .. 
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tungstate can also be obtained by dehydration of the 
hydrate at 1000C or over sulphuric acid. 29 
3.3 Molybdenum 
3.3.1 Extraction 
MOlybdenum occurs naturally as molybdenite (MoS 2) and 
also as molybdates, e.g. PbMo04 (wtilfenite) and MgMo04 .
30 
The amounts of MoS 2 in ores are small « 1%)26 and are thus 
concentrated by the foam flotation process. The concentrate 
is then converted int-o Mo0 3, purified and then reduced with 
hydrogen to .the metal. It must be noted that reduction with 
carbon is not possible since it results in the formation of 
-- carbides rather than the actual metal. 30 
3.3.2 Geographical Distribution of Ore 
'- The USA produces about 90% of the world's molybdenum, 
most of it coming from one single mine. Elsewhere in the 
world production is small and spasmodic. 26 Recent world 
production and consumption figures are given in Table 7. 
_ Strong demand for molybdenum from 1973-9 has led to large 
scale investments in geological exploration and mine 
-evaluation and development work. 31 
3.3.3 P(,\Oductionof Molybdates 
Sodium mOlybdate can be prepared by dissolving molyb-
dic oxide in caustic soda. Normal mOlybdates are salts of 
H21~004 and can be obtained from the double decomposition of 
alkali metal salts. 32 
3.4 Toxicity 
It is generally believed that pure metallic chromium 
(Cro) is biologically inert and thus is deemed harmless. 
Also, since there is no substantial evidence to the con-
trary, trivalent chromium is thought to be reasonably non-
toxic. In contrast to the CrIII state, hexavalent chromates 
CCrVI) are extremely irritative, corrosive and, in some 
circumstances toxic. The harmful effects are mainly due to 
the powerful oxidizing ability of hexavalent chromium com-
pounds. 33 
If molybdates and/or tungstates are to be chosen as 
suitable replacements for chromates their level of toxicity 
must be examined as well as their electrochemical and allied 
conversion coating ability. 
'-" 3.4.1 Toxicity of Molybdenum 
Although molybdenum is. classed as a heavy metal there 
have been no documented cases of fatalities due to poisoning 
in man. 34 ,3S,36 In fact molybdenum is an essential trace 
element for plants and it is found in the adult human body 
at levels of about 20 mg and in urinary excretion at about 
3S 10-20 pg/I. Molybdenum is also required by sheep in order 
to maintain the copper-molybdenum balance and thus ensure 
. good h.ealth. 34 However, if cattle ingest high concentrations 
of mOlybdenum [ZO-lOOpg Mo per gram matter) they can develop 
a condition known as "tea·rt", characterized by the symptoms 
of severe diarrhoea, debilitation and fading of hair colour. 36 
I. 
. ; - -
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Although industrial poisoning by Mo in humans has not 
been documented, the following· data lists the lethal doses 
35 for rats:-
Element/Compound LD50 mg/kg 
Peros (oral) Intraperitoneal 
Mo 
Mo03 
CaMo04 
(NH4)6M0 7024 
125 
101 
333 
114-117 
Further data carried out on guinea pigs revealed animals 
exposed to 200 mg/m3 of Mo0 3 dust (expressed as Mo) for 
I hr daily 5 times per week for 5 weeks showed evidence of 
nasal irritation, diarrhoea, loss of weight, and muscular 
incoordination. Exposure to molybdenite ore dust (MoS 2) at 
a concentration of 280 mg/m3 (of Mo) had little effect. 
' __ Fumes from arcing Mo metal caused some mortality at 190 
mg/m3 but had little effect at 53 mg/m 3• Pathological 
investigations indicated bronchial and alveolar irritation 
and moderate fatty changes in liver and kidney.36 
3.4.2 Toxicity of Molybdates 
Molybdates are described as "not a toxic substance" 
in US Public Health Bulletin No. 293, the Federal Hazardous 
Substances Labelling Act and the Occupational Safety and 
h d h b- 34 Healt Act a ministered by t e US Dept. of La our. 
However, there is some evidence that this metal increases 
the hematinic effect of iron. Also, recent experimental tests 
on rats indicated that there is an interaction between Mo 
and Zn through which the toxicity of Mo was increased 
'-
. . . 
-25-
through increased intake of Zn. 36 
The low toxicity level of molybdates is illustrated in 
the following data on its effects (together with chromate as 
a comparison) on fish and fish food. 34 -
Chemical Species Test/hrs TL-50* 
Nolybdate Daphnia 48 3220 
Chromate " 48 3 
Nolybdate Rainbow Trout 96 7340 
Chromate " " 285 
" TL-50 is the threshold limit value in ppm required to 
kill 50% test species over the stated time period. 
The only apparent reference that indicates molybdates 
may be toxic to some extent is given in the 1983-4 Aldrich 
Chemical catalogue. 37 This reference lists both sodium and 
ammonium (VI) molybdates as toxic irritants. 
3.4.3 Toxici-ty of Tungsten and Tungstates 
There are no documented cases of tungsten poisoning 
in humans~5 and furthermore there is no evidence that 
tungsten compounds (except possibly in very large amounts) 
are poisonous. Threshold levels for airborne dust are 
Img/m3 for soluble tungsten compounds and 5mg/m3 for in-
1 bl (b d d ' 'h ,- 1 ) 35 H so u e ones ase on stu ~es w~t an~ma s. owever. a 
detrimental effect on rats has been reported whereby con-
siderable amounts of tungstate caused a molybdenum-tungsten 
antagonism resulting in the inhibition of the utilization of 
molybdenum in the formation of xanthine oxidase • 
---............ 
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CHAPTER 4 
CHEMISTRY OF Cr, Mo AND W IONS 
4.1 Chemistry of the Chromium Ion 
4. 1.1 Oxides 
Chromium forms three oxides of any importance, viz 
30 Cr Z03 , CrO Z and Cr03 . CrZ03 contains trivalent chromium 
and is a green, insoluble powder. Its colour and subsequent 
use as a pigment has led to alternative names such as 
anadorus green arid chrome ochre etc. 33 It is made by heating 
ammonium dichromate:-
or by heating metallic chromium in oxygen, by passing 
chromyl chloride vapour through a hot tube. 
by gently warming mercurous chromate 
30 
or by reducing sodium dichromate by fusion with sulphur 
Chromic oxide is insoluble in water or acids but can be 
oxidized by 70% perchloric acid to chromium trioxide 
30 (Cr03)· 
Chromium IV oxide (CrOZ) is a black powder obtained by 
heating Cr(OH)3 in oxygen at 3S0oC. It is ferromagnetic and 
. has metallic conductance. 39 
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Chromium trioxide (Cr0 3) consists of red crystals 
o 
which have a melting point of 197 C. Cr0 3 is made by adding 
concentrated sulphuric acid to concentrated solutions of 
sodium or potassium dichromate. The precipitated red 
crystals are then washed with concentrated nitric acid 
(free from oxides of nitrogen). Chromium trioxide volatil-
ises to give a red vapour just above its melting point and 
is extremely soluble in water giving a red solution. It is 
a powerful oxidizing agent and inflames a1coho1. 39 
4.1.Z Hydroxides 
Chromous hydroxide (Cr(Om. Z) is produced when a 
solution of a chromous salt-is treated with a solution of 
alkali hydroxide (both have to be air-free). Once .dry the 
material is brown in colour and is easily oxidized. 
---_ Cr(OH) Z dissolves slowly in concentrated acids and is nearly 
insoluble in dilute aCids. 33 
Chromic hydroxide (Cr(OH)3) is produced as a green-'grey 
f1occu1ent precipitate when ammonia solution is added to a 
boiling solution of a chromic salt. It can also be prepared 
by reduction of a chromate with e.g. HZS. Electrolytic 
reduction is also possible. Chromic hydroxide is amphoteric 
and it dissolves in acids to give chromic salts and in 
alkalis to give chromites. 39 
4.1.3 Chromic Acid.· 
Chromic acid is an aqueous solution of chromium tri-
.oxide (Cr03). However, the exact structure of the solution 
is complex and the acids HZCr04 , HZCr Z0 7 , HzCr3010 and 
HZCr4013 are associated with one or more molecules of Cr03 
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with a molecule of water. Chromic acid is classed as a 
useful oxidizing agent. It oxidizes sulphur dioxide, 
hydrogen sulphide, stannous chloride, arsenious oxide, 
ferrous sulphate, and hydrogen iodide to the usual oxidation 
products. During these oxidation reactions the chromium is 
reduced from the hexavalent to the trivalent state. Chromic 
acid is not reduced by dilute hydrochloric acid. 39 
4.1. 4 Chromates 
Chromates are salts of the hypothetical chromic acid 
H2Cr04•
33 Chromates are highly coloured,sodium chromate 
Na2Cr04 exists as yellow deliquescent crystals whilst 
potassium chromate is red. 39 
Chromates can be prepared by oxidizing acid solutions 
of chromic salts with pcrsulphates, pcrmanganates and 
.... ~._ hydrogen peroxide. Electrolytic oxidation in acid on 
alkaline solutions will also convert chromic salts to 
chromatcs. 33 
In alkaline solutions of pH> 6, Cr03 forms the yellow 
chromate ion Cr04 2+, at 2 ~ pH~ 6 HCr04 and the orange-red 
dichromate ion cr 2 07
2
- are formed in equilibrium. Below 
pH I the main species is H2Cr04 • The equilibria are as 
. 30 
. follows:-
HCr04 
HZCr04 
Cr207 
2~ 
.' 
~ 
..--
~ 
.--
+ H2O 
Cr04 
2- + H+ 
HCr04 + 
H+ 
--» 2HCr04 .--
. In addition the base-hydrolysis equilibria are:_ 30 
z-CrZ07 + OH 
HCr0 4 + OH 
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The hydrolysis reactions depend on the acid used, e.g. if 
sulphuric acid is used a sulphate complex is formed:-
similarly if hydrochloric acid is used the chlorochromate 
ion is formed:- 30 
4.Z . Chemistry. of the Tungsten Ion 
4.Z.l Oxides 
Several tungsten oxides exist, the simple ones being 
W0 3 and WO Z' Other non-stoic~ometric forms occur, although 
these are of a complex nature. W03 is a lemon yellow solid, 
which, as with other second and third transition trioxides, 
is the product of heating the metal or other compounds in 
oxygen. The trioxide is not attacked by any acid except HF 
but does dissolve to form tungstate solutions in bases. 
Tungsten.also forms a blue oxide. This is obtained by 
mild reduction, for example by Snll, SOZ' NZH4 , HZS, etc. 
of an acidified tungstate solution or a suspension of W0 3 
in water. In fact tungsten (YJ) oxide will form a blue tint 
on exposure to ultraviolet light. The actual structure of 
the blue oxides is complex and a series of geneotypic com-
40 pounds exists. Glensen and Saver note that the composition 
of tungsten blue, when (NH4)Z W04 is reduced with Zn and 
HCl, a very stable blue compound W0 3.nHZ (n< 1) is formed, 
, 
. ~. ,,' . ' .. 
. ,,-' 
", . 
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which is a tungsten bronze. The composition of the tungsten 
blue depends on the starting material and the reducing 
agent. 30 
4.2.2 Tungsten Bronzes 
Another series of tungsten oxides are the tungsten 
bronzes. These are formed by the reduction of acid sodium 
tungstate at red heat with hydrogen. They are chemically 
inert and have a bronze-like appearance. Other methods of 
o~u:).e..s. 
producing similarAare heating sodium, potassium or alkaline 
earth tungstates or polytungstates in hydrogen, electro-
lytic reduction of fused tungstates and reduction of sodium 
tungstate with sodium, tungsten or zinc. The tungsten 
. bronzes are non-stoichiometric having the general formula:-
{O < D ~ 1) (when sodium is present) 
Colours range from golden-yellow (n'" 0.9) to blue-violet 
(n ",0.3). Tungsten bronzes are inert, have semi-metallic 
properties, are insoluble in water and resistant to all 
acids except hydrofluoric (HF).30 
.. 4.2.3 Tungstates 
Tungstates can exist as both a solid and a solution, 
and unlike chromates are not strongly oxidizing. 
Sodium tungstate (Na2W04) can be obtained by dissolving 
tungsten trioxide in sodium hydroxide solution, and then 
crystallising the solution. Other metal tungstates can be 
obtained in a similar manner by using double decomposition. 
Q~ist and Lund4l suggest that sodium tungstate exerts a 
--
·"0"-
-31-
buffer action against increases in pH, e.g. for a tungstate 
concentration rise of 0.03-0.3 M the corresponding pH 
change is 7.55 to 8.35 and fairly large additions of 
strongly dissociated acid show a decided lack of sensitivity 
in tungstate solutions. 
Sodium paratungstate is obtained by adding hydrochloric 
acid (He1) to a boiling solution of sodium tungstate until a 
precipitate of W0 3 H20 just becomes permanent. Sodium para-
tungstate separates out on cooling. Paratungstates (except 
those of alkali metals and magnesium) are insoluble. 
Kosenheim et a1 42 have determined the formula of sodium 
paratungstate as:-
He also indicates that paratungstate ions are unstable and 
exist in acidified solutions in equilibrium with tungstate 
ions. It is also noted that metatungstateions are more 
stable and are formed slowly by complex reactions. Meta-
"tungstates are made by boiling a tungstate solution with 
" tungstic acid. They are more soluble than tungstates or 
paratungstates and the anion has the formula 
4.2.4 Iso- and Heteropo1y Acids and their Salts 
It is a characteristic feature of tungsten to form a 
large number of polytungstate (VI) acids. These poly acids 
can be divided into two groups:-
----. 
:."'. 
" .', 
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(i) the isopo1y acids and their related anions 
which contain only tungsten, oxygen and 
hydrogen and, 
(ii) the heteropo1y acids and anions which contain 
one or two atoms of another element as well 
as tungsten, oxygen and hydrogen. 30 
4.Z.4.1 Isopo1ytungstates 
The isopo1y acids of tungsten are not completely 
understood. However, it is known that the degree of aggre-
gation in the solution increases with decreasing pH. The 
overall system for isopo1y tungstates in"aqueous solution 
can be summarised thus:_ 30 ,43 
OH Z- boil OH S- HZOZs1ow W03 ·ZHZO ----" W04 (aq);=::! (HW60 21 ) ----" 
(W12041 ) 
~
..--
10 
pH 1 pH6-7 
'Paratungstate 
(W1Z0 36 (OH)10)-
Paratungsta te I 
3- 6-(H3W6OZ1 ) ----" (H ZW12040) ...--
>jJ metatungstate Metatungstate 
4.Z.4.Z Heteropo1y Tungstates 
These are formed when tungstate solutions containing 
. 3- 4-
other oxo-anions (e.g. P04 ' Si04 ) or metal ions are 
acidified. At least 3S elements can form the hetero atoms. 
;As with isopo1y acids heteropo1y acids are decomposed by 
strong bases, viz:_ 30 
- 6-
.180H + (FeZW1Z04Z) 
---+ 1ZW04
Z
- + FeZ03 - nHZO + 9HZO 
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4.2.5 Electrochemistry of Tungstates 
44 Early work by Lottermoser proposed the formation of 
paratungstates electrochemically. He stood a clay cell con-
taining ZOO cm3 of solution which contained 5lg NaZW04 .2H20 
in 750 cm3 of 0.1 N NaOH, a platinum anode was placed in 
the tungstate and ZA current was passed. After electrolysis 
was completed, large glassy c~ystals were present in the 
anode solution, and these were found, after subsequent 
analysis, to be paratungstate. Lottermoser concludes that 
this method of "electrolytic acidulation" may be used for 
molybdates, vanadates, tantalates, columbates and all 
salts capable of forming acid salts. 
"-. 
.----
:. " 
i ,. '.' 
-34-
4.3 Chemistry of the Molybdenum Ion 
4.3.1 Oxides 
Several stoichiometric and non-stoichiometric oxides 
are known, simple ones being Mo03 , MoZOS' MoOZ' The con-
ditions for formation and properties of the oxides can be 
. d 38 summarl.se :-
MoO Z 
Crystalline violet 
or brown solid 
Mo03 
White solid 
MO Z03 
Black solid 
MoZOS 
Violet solid 
4.3.1.1 Molybdenum Blue 
(i) Insoluble in water 
(ii) Dissolved by oxidizing 
solutions. 
(i) Does not form hydrates 
readily 
(ii) Itself and its hydrates 
will readily dissolve 
in solutions of excess 
bases. 
(i) 
(i) 
(H) 
Can be formed by electrolysis 
of a molybdenum solution. 
Deposited as a black coating 
on the cathode 
Soluble in warm acids 
Solutions containing Mo~ 
can be readily prepared by 
controlled electrochemical 
reduction of MoYl solutions 
As with tungsten, mOlybdenum forms "blue oxides" called 
molybdenum blue. These actually contain both oxide and 
hydroxide and contain Mo in oxidation states of +VI and +y.30 
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Molybdenum blue is obtained by the mild reduction of 
acidified solutions of molybdates or of a suspension of 
Mo03 in water by, for example, Snll, SOZ' N2H4 , HZS etc. 
The actual nature of these "blue oxides" is complex. They 
appear to be a series of genotypic compounds with olive 
, 
green MoO(OH)Z at one end of the series and Mo03 at the 
other. 
Molybdenum blue has been fairly widely reported in 
the literature. Canneri45 suggested that if a mixture of 
Mo03 and an alkaline carbonate (corresponding to different 
molybdic acid) are fused to a clear liquid and tin is added 
"slowly and the resulting solution is digested and filtered, 
an intense blue colloidal solution is obtained which".indicates 
the presence of molybdenum blue. 
Latimer46 states that the reduction of molybdic acid at 
low H+ concentration forms the blue oxide M0 30S.5HZO which 
is probably (MoOZ)Z Mo04 . He adds that further reduction 
produces olive-green solutions. 
Dumanski47 in much earlier work reported that the blue 
oxide of molybdenum was produced when 15g of (NH4)Z 1>1004 was 
dissolved in 400 cm3 of 3 to 4 N H2S04 and the resulting 
mixture was reduced by H2S in boiling solution. 
<"4.3.2 Molybdates " 
The oxide 1>1003 is strongly acidic and dissolves in 
aqueous sodium hydroxide to form sodium mOlybdate solution 
thus,43 
+ z-Mo0 3 + ZNaOH ~ ZNa + Mo04 + HZO 
\ 
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Molybdates (in common with tungstates) can be reduced (e.g. 
to the blue ~xides) but lack the strong oxidizing properties 
of chromates. When molybdate solutions are acidified they 
condense to form different po1ymolybdates. 
4.3.3 Iso and Heteropoly-acids and their Salts 
Again as with tungstates, molybdates form a large 
number.of.polymo1ybdate (VI) acids and their salts;30 
.4.3.3.1 Isopo1ymolybdates 
2-When a basic solution of (Mo04) ions and alkali 
metal or ammonium ions is acidified, the m~lybdate ions 
condense in definite steps to form a series of polymolyb-
date ions. It is known that at the pH at which condensation 
begins 
2- + -Mo04 + H ~Mo03(OH) 
Co.l-ton and Wilkinson 30 then suggest co-ordination of water 
molecules then occurs· whereby 
The next step is the formation of an oxo-bridge:-
2(NoO(OH) 5) -
Subsequent steps are complex and require a reduction in the 
pH of the solution.to about pH 6 •. The first main reaction in 
the polymerization is the formation of the paramolybdate 
ion: -
,. 
'".' 
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and at further '- 10'<-'4. .... ac id pH's 
Durrant 39 notes that acidification of the simple 
mOlybdate anion M004
2
- yields condensed anions:-
2- + 6-7Mo04 + 8H ~ (Mo 70 24 ) + 4H 20 
and in a more acidic solution 
8M 
° 
2- l2H+ ~ 0 4 + 
S ., 148 . d' h' . . d Hel d uznJevlc et a ln lcate t at lnorganlc aCl s an 
2-HN03 formed with sodium mOlybdate the polyanions Mo 40l3 ' 
3- 4-Mo 6020H and Mo 8026 
4.3.3.2 Heteropolymolybdates 
Heteropoly anions can be formed by the acidification 
of solutions containing the required simple anions or by 
introduction of the hetero element after first acidifying 
the molybdate: 30 
4.3.4 Electrolysis of Molybdates 
Electrolysis of a molybdate solution produces interest-
ing deposits on a metallic cathode. Higashi et a1 49 have 
reported that using a platinum cathode in an alkaline sodium 
mOlybdate bath has ·produced films, which, after thermal 
analytical, X-ray diffraction. I.R. absorption spectra and 
trimethyl silation of the deposits have been found to consist 
of amorphous 
Mo0 2_n (OH)2n n = ° - 2 
---' 
. ... ,'; , 
.. ~ .,. 
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and these can be dehydrated to 
and a small amount of Na ZMo04 , with e1~vated temperature. 
80 Jacobson reports that by e1ectro1yzing a solution 
3 
consisting of 60g of sodium molybdate in 350 cm of water 
for 75 minutes, using a porous clay cylinder as a diaphragm, 
crystals of sodium paramo1ybdate or for a longer duration 
sodium trimo1ybdate are formed viz: 
(ii) ZMo0 3 + Na ZMo04 + 11HZO --+ NazO.(Mo03)311HzO 
Ma and Offinger 51 published a U.S. patent in which 
they claim a deposit of MO Zo3HZO is produced on a metallic 
cathode from a solution containing 10-Z0% of an alkali 
molybdate maintained at pH 4-9, and by use of a current 
density of 0. Z-1.0 A/in Z for 10-20 mins. T-his is part of a 
method for producing molybdenum plating (the MOZ03HZO is 
then washed and heated at 700-10000 with hydrogen, the oxide 
being reduced to molybdenum metal). 
Me110r 52 notes that according to A. Chi1esotti when a 
solution of molybdic acid is electro1yzed, part of the 
hydrogen at the cathode reduces the molybdic acid and part 
escapes as gas. 
Treadwe11 and Schaeppi53 suggest that electrolytic 
reduction of ammonium paramo1ybdate gives molybdenum blue 
oxide hydrate • 
--
,," ,- ;. 
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CHAPTER 5 
CORROSION PROTECTION APPLICATIONS 
OF MOLYBDATES AND TUNGSTATES 
5.1 Introduction 
A1th'ough tri valent chromium compounds have been used 
to a limited extent14 as the basis of a conversion coating, 
it is the hexava1ent state that is well known for its role 
as both an inhibitor and a promoter of conversion coatings. 
It is the oxidizing ability of chromates (CrVI) to produce 
a mixed oxid"e film on a metal surface that produces pass-
ivity and hence reduces the extent of metal dissolution. 
When compared with the widespread use of chromates; 
mo1ybdates and tungstates have not been utilized to such an 
extent. However, recent stringent curbs on toxic effluent 
- disposal has led to a gradual movement away from chromates, 
particularly as inhibitors. M01ybdates and tungstates seem 
logical, relatively non toxic replacements. 
5.2 Inhibitors 
Some of the earliest experimental work on group VIA 
, metal oxy-anions was carried out by Pryor and 
Further work 
B. .. . 5,6 1) 1ffi1. 
54 has been carried out by Adams, 
2 Cohen. 
Chew12 and 
Mo1ybdates have been long recognised as corrosion 
inhibitors. Tungstates, however, are not so widely used. 
Early work by Pry~r and Cohen2 found that dissolved oxygen 
is required to passivate iron. This theory was supported by 
Uh1ig and King 55 who suggested that the oxygen is adsorbed 
--
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on the metal surface, this increasing the effective cathode 
area and hence decreasing the anodic area. This allows 
easier attainment of the cathodic current density for anodic 
passivation and that oxygen is needed probably because 
molybdates and tungstates are not efficient cathodic de-
. 
polarizers. The need for oxygen to be present is mentioned 
by Lizlovs 56 who carried out passivation experiments on 1010 
steel in molybdate solutions. 
4 Chew and Gabe concluded that molybdates and tungstates 
can be used as inhibitors, with the proviso that. they can 
only be used in well-defined condi~ions. They also agree 
that oxygen is essential for molybdates to act as inhibitors, 
and that the latter are not as effective as chromates in the 
inhibitor field. Vukasovich and Robitaille 57 worked on the 
inhibition of low carbon steel by sodium molybdate in simu-
- lated cooling waters. They found its efficiency was depend-
ent on ·the composition of the water. For instance when 
'0 chlorides were present the concentration of molybdate had to 
be increased since its mode of inhibition was by adsorption 
and the introduction of a competing ion (Cl-) reduced its 
... passivating capability. 
58 Robertson stated that molybdates and tungstates were 
'-' .... , 
. ~, " 
, - .' 
~;, .' , 
as good as. chromates and nitrites for inhibition. He added 
that the mechanism of inhibition was by adsorption on to the 
. metal surface, thus agreeing· with Vukasovich and Robitaille. 
Tungstates inhibit in a similar manner to mOlybdates. 
However., Chew and Gabe4 found that tungstates would inhibit 
the corrosion of copper and stainless steel without oxygen, 
whereas molybdates would not. 
".:' 
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Rozenfield59 states that low concentrations of sodium 
tungstate increase the corrosion intensity whilst increasing 
the inhibitor concentration in a 0.1 N Na ZS04 solution has 
the reverse effect. He concludes that total suppression of 
the process is achieved with approximately 0.075 mole/I. 
Rozenfield continues that with steel the increase in 
corrosion with slight inhibitor concentration is due to the 
enhancement of the cathodic process efficiency. Whilst an 
increase in inhibitor concentration above a critical level 
brings about a decrease in the anodic reaction. As with 
tungstates Rozenfield indicates that small amounts of molyb-
dates will also increase the corrosion rate. The question as 
to whether sodium molybdate plays a direct part in the form-
ation of passivating layers containing molybdenum oxides of 
1 1 .. 1 59 ow va enc~es 1S unc ear. 
5.3 Colouring Solutions 
The use of·tungstates and molybdates as colouring 
solutions is not widespread. However, Yakimenko et a1 7 have 
produced one such solution for zinc and zinc-nickel coatings 
based on ammonium molybdate (NH4)ZMo04 and ammonium chloride 
(NH 4Cl). The optimum solution was 5-8 g/l (NH4)ZMo04 and 
. 40 g/l NH4Cl at pH 5.5-6.0. Regardless of solution composition 
the film on the zinc coatings had a set colour change 
sequence, viz blue, azure, yellow, orange, green, irridescent, 
dark with violet tints, black. Comparative gravimetric 
corrosion tests in tap water at 800 C indicated that pass i-
vated molybdate samples were more resistant than unpassivated 
ones and of similar resilience to chromated ones. 
" -: 
'-. 
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5.4 Conversion Coatings 
5.4.1 Tungstates 
Tungstates have only found limited use as the basis of 
the promotion of conversion coatings. Van de Leest and 
Krij 113,6.0 have published a paper outlining the formation 
of one such coating on tin. They claim the coating can be 
described as a basic tin (Il) salt and that it protects the 
underlying surface against aqueous corrosion and tarnishing. 
Racinskas et a1 6l have experimented on the reduction 
of tungstate solutions on metals. They suggest that during 
the cathodic polarization of many of the metals in tungstate 
containing solution W04
2
- reduction occurs. Further, the 
products of reduction are adsorbed on the cathode thus pass-
ivating it. They suggest this reduction is due to H+ ions 
discharging on the cathode and reducing the tungstate. 
5.4.2 MOlybdates 
The use of molybdates for conversion coatings is some-
what more widespread than that of tungstates. Durney62 noted 
that these molybdate coatings are based on surface precipi-
tation of a complex oxide of molybdenum, possibly a hydrated 
molybdenum sesquioxide. Durney continues that these black 
coatings are liable to oxidation and should be protected 
from moisture by suitable coatings. 
J "t" 63 h 1 d 1 bd apanese 1nves 19ators ave a so use mo y ates as 
the basis of protective coatings, viz: 
. , -~ 
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Sodium molybdate 
KZCr Z07 
H3P04 
CH3COOH 
pH Z.5-5.0 
15-50 gll 
0.1-0.5 gll 
0-Z5 mIll 
O-ZO mIll 
This solu,tion is patented by Mitsubishi Motor Corp. for 
zinc die castings. Mitsubishi have also formulated another 
64 
molybdate solution for protecting zinc and zinc alloys. 
Aqueous solutions containing molybdic acid, molybdate 
or its derivatives, have also been used to form a corrosion 
. . d . 1 65 res1stant coat1ng on ruste 1ron or stee s. 
5.5. Pigments and Paints 
The use of white, non-toxic molybdate pigments has 
found increasing favour, particularly in U.S.A, since 
Federal laws have discriminated against toxic chromate and 
1 d b d . 66 V· .. t t t ea - ase pa1nts. ar10US ant1-corrOS10n assessmen es s 
have indicated that molybdate based pigments confer at least 
equal protection capability to chromate and lead-based 
paints. 
5.6 Other Uses 
In the electrochemical field molybdateshave also found 
use as accelerators in iron phosphating solutions 34 and as a 
replacement for chromates in 
h .. 34 pate converS10n coat1ngs. 
the passivation of zinc phos-
In fact the American automobile 
industry has shown that molybdates give equally satisfactory 
'results as chromates in this application. 
--
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Molybdates and tungstates have also been used as 
colouring agents for anodic and anodized finishes 67 and 
also as sealants for the same films. 68 ,69 
EXPERIMENTAL 
PROCEDURE 
--~ .... -
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CHAPTER 6 
EXPERIMENTAL PROCEDURE 
6.1 Introduction 
The main aim of the experimental work was to examine in 
more detail certain aspects of the extensive work carried 
out by Bijimi. S,6 Early results indicated that the cathodic 
polarization curves were of most interest and therefore 
detailed work was carried out on this type of polarization 
as opposed to anodic polarization. Quantitative work was 
performed on the cathodic characteristics of both tin and 
zinc in 1.0 M chromate, mOlybdate and tungstate solutions 
in the anticipation that a more concentrated oxy-anion 
solution would enhance the interesting characteristics 
initially observed in more dilute solutions. 
Subsequent experimental work was designed to investi-
gate the unusual cathodic characteristics found earlier. 
Current-time curves were employed to analyse film growth 
or dissolution at varying potentials during cathodic polar-
ization. ESCA analysis was performed to investigate the 
composition of the molybdate films, and in particular the 
varying oxidation states in which molybdenum exists in the 
film. 
Although electrochemical methods of forming conversion 
coatings are popular, dip treatments are simpler and less 
costly. Hence the feasibility of a sodium molybdate, non-
electrochemical conversion coating solution was tested. 
Experiments mainly consisted of weight gain against time 
measurements. 
. -
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The anti-corrosion properties of the various coatings 
were explored by preparing several tin and zinc samples in 
various oxy-anion solutions and comparing their durability 
in a 400 hour salt spray test. 
6.2 Experimental Apparatus and Techniques 
6.2.1 Potentio-dynamic Studies 
~.2.l.1 The Potentio-dynamic Polarization Technique 
potentio-dynamic or potential sweep polarization 
techniques have found increasing favour with investigators 
when compared to potential-step polarization. The former 
is automatic and hence less tedious than> the latter's 
manual method. However, although more reproducible (though 
not necessarily more accurate) than the step-wise mode, 
the potentio-dynamic method employs a continuously changing 
electrode potential at a constant sweep rate. Whereas a 
potential step method involves increasing the potential by 
a pre-determined amount and measuring the current after a 
given length of time, supposedly for equilibrium to be 
70 
approached. 
6.2.1.2 Sweep Unit-Operation and Design 
A Rayleigh Instruments Model MP 120 was used for this 
project. This model has been adapted to have the optio~ for 
ranges of one volt and three volts overpotential. It also 
has incorporated into its design the facility for the 
following different sweep rates:-
\ 
---
1 V Overpotentia1 
3 V Overpotentia1 
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5,10,20,50,100,200,500,1000 
15,30;60,150,300,600,1500,3000 
I . }mV/ml.n 
I 
The sweep ·unit was connected between the "Common" and 
"Remote Sensing" terminals of the potentiostat and enabled 
potentio-dynamic polarization curves to be obtained. 
6.2.1.3 Choice of Sweep Rate 
Recently Mansf.e Id and Kendig 71 concluded that 
"uncritical use of potentio-dynamic techniques can lead to 
erroneous results". This fact ·can be easily appreciated by 
observing the possible ranges available on the Rayleigh 
Instruments model. Some workers 70 ,72 have investigated the 
differences in the shapes of polarization curves obtained 
with different sweep rates. However, these papers do not 
give steadfast rules for choosing sweep rates, although 
Nansf la Id and Kendig do to some extent achieve this for 
polarization resistance studies by using a complex electronic 
analogy. 
It was therefore decided to carry out tests on similar 
zinc foil specimens at different sweep rates in the same 
solution. Five rates were employed, viz 600, 300, 150, 60 
and 30 mY/min. Anodic curves from the results were constructed 
and can be seen in Fig. 5. The main conclusions to be drawn 
from the diagram are:-
(i) i . increases with increasing sweep rate. 
crl.t 
(ii) Likewise ipass increases with increasing 
sweep rate. 
(iii) Epp (primary passive potential) increases 
with increasing sweep rate. 
\ 
--
'" " 
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(iv) The range of potential for the passive 
region increases with decreasing sweep 
rate. 
(v) Only the two slowest rates, i.e. 30 and 
60 mV/min exhibit a fall in current towards 
the end of the potential sweep (although 
this was not observed on a step polarization 
curve). 
The time taken for each test must also be considered when 
a sweep rate is chosen. With a range of three volts over-
potential to be swept the Rayleigh> MP 120 can carry out 
its tests in the following times:-
Sweep Rate mV/min Duration of Test/mins 
15 200 
30 100 
60 50 
150 20 
300 10 
600 5 
1500 2 
3000 1 
Clearly with a large number of tests to be carried out the 
15 and 30 mV/min sweep rates are not, in general, practicable. 
Eventually it was decided that 60 mV/min was the optimum 
rate, as it ensured that reasonable detail was exhibited in 
the curves and also allowed tests to be completed in an 
acceptable time. 
---
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6.2.2 Chart Recorder 
A Bryans model 27000 was employed for most of this 
project. It had a motor drive with speeds of 1,2,5,10,20 
sec/cm and 1,2,5,10,20 min/cm. 
An input range selector dial is also fitted which 
varied from 1 mV pot to 1 Volt. Coupled with this was a 
multiplier which could be employed to increase any given 
range by 1 to 10 times. 
For later work a Servoscribe RE 511.20 chart recorder 
was used, which had a variable potential range from 2 mV 
to 20 V. 
6.2.3 Voltmeter and Ammeter 
Sinclair DM 350 multimeters were used as both volt-
meters and ammeter. 
6.2.4 Potentiostat 
A Ministat Precision Potentiostat, with an output of 
2 A, made by H.B. Thompson and Associates, was used through-
. out these investigations. The unit had facilities for an 
external sweep unit and output terminals for a chart 
recorder. 
6.2.5 Polarization Cell 
.The polarization cell consisted of a 500 ml culture 
. vessel with a separate lid, which had openings allowing the 
insertion of the various electrodes, thermometer and gas 
bubbler. The lid of the vessel was sealed in position when 
in use with a gasket and clip. 
. ,oo,l, 
, , 
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6.2.6 Working Electrode 
The test sample (in the form of foil) was cut in 1 cm 
strips and mounted in the electrode holder (see photograph 
3). The holder had a plastic screw to facilitate retention 
'of the specimen. The metallic parts of the holder were then 
blanked off together with part of the specimen with PTFE 
tape. When this was completed only 10 cm2 of the specimen 
was showing. This procedure was repeated with all specimens. 
6.2.7 Reference Electrode 
A remote, saturated calomel electrode (sce) was used, 
a salt bridge providing an electrically conducting path to 
the culture vessel. This salt bridge was connected to a 
glass probe which was positioned close to the working 
electrode. Care was taken to ensure that the potassium 
chloride solution (used in the sce) was saturated as its 
, concentration has a direct bearing on the actual potential 
of the sce, viz 
For 0.1 M 
1.0 M 
Saturated 
KCL , E = +0.328 V at 250 C 
" 
" 
, E = +0.296 V " 
, E = +0.242 V " 
6.2.8 Counter (Auxil aryl Electrodes 
" 
" 
The main consideration was the choice and configuration 
of the auxilIary electrode. For anodic polarization there 
was the choice between copper and platinum. In order to make 
a decision an experiment was carried out on zinc samples in 
sodium molybdate solution using single and twin platinum 
cathodes and a copper cathode. Each system was tested under 
identical conditions and the polarization curves so produced 
. . 
~~-.... ---
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can be seen in Fig. 6. From the diagram it can be seen that 
for a given potential the highest current can be obtained 
using a twin platinum cathode. 
For cathodic polarization the ch~ice was between a 
single or a twin platinum anode (the copper could have taken 
part in the reaction). A similar test was carried out (see 
Fig. 7), and using the same criterion for choice the twin 
cathode arrangement was chosen. 
6.2.9 Other Apparatus 
A water bath was employed so that experiments could be 
. carried out at temperatures above room temperature. A 
Corning EEL pH-meter was used to aid pH adjustments of the 
solutions • 
6.3 Pickling and Cleaning Solutions 
6.3.1 Zinc 
The zinc'used in these investigations was in the form 
of foil (thickness 0.38 mm). It was lustrous in appearance 
and had a surface which was slightly greasy to the touch. 
Information on prior cleaning methods for zinc varies. 
Bijimi 6 suggested pickling specimens in hot 15% hydrochloric 
acid for 5 minutes, rinsing in boiling, distilled water and 
drying in hot air. Chew12 suggested immersing specimens in 
10% ammonium chloride solution for 30 seconds, rinsing with 
water, immersing in 5% chromic acid solution for 30 seconds, 
rinsing with water and then immersing' in. 1% silver nitrate 
solution for 10 seconds. Chew further adds that specimens 
should be rinsed with water, abraded manually with fine 
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emery paper, rinsed with deionized water and then with 
acetone. The Metal Finishing Guidebook Directory73 describes 
two pickling solutions for zinc and its alloys where bright 
finishes are required:-
1. Chromic acid 30-40oz/gal *t 
, 
Sodium sUlphate 2-4 oz/gal 
Room temperature 
Immerse specimen for 5-30 sec, rinse in cold water. If 
yellow film is present, remove by immersion in 1 oz/gal 
sulphuric acid. 
2. Chromic acid 32-80 oz/gal 
Hydrochloric acid 12 fl oz/gal 
Room temperature 
Immerse specimen for 1 minute. 
n.b. Chromic acid content ~ 15% 
-.. Hydrochloric acid .$. IS% 
If dirty brass colour is present, remove by immersion for 
1 minute in 10-70% chromic acid solution. 
* American gallon 
t oZ/gal + g/l x 6.25 
Various pickling solutions and cleaning methods were 
tested. Dilute hydrochloric acid left a very stained surface. 
Fine (grade 1200) emery paper (wet) scratched the surface in 
.an unacceptable manner. Diamond pastes were generally in-
effective and due to the slightly curved surface profile 
promoted irregular polishing. 
The two pickling solutions suggested by the Metal 
Finishing Guidebook Directory were fully tested. Zinc 
specimens were pickled and subsequently tested for their rest 
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potential in 0.01 M sodium tungstate solution, pH 10. 
The results were as follows:-
Treatment Rest Potentials /mV vs sce 
Initial After 15 mins After 30 mins 
'As found' -786 -615 -608 
, 
Pickle 1 - 870 -751 -720 
-881 -739 -719 
Pickle 2 -925 -863 -846 
-695 -735 -733 
-804 -717 -713 
-688 -724 -716 
(n.b. Approximate rest potential from Pourbaix diagram for 
zinc is -800 mV vs sce at pH 10 - see Fig. 2 
Pickle 1 gave a light grey matt surface with a yellow 
film present in patches, this was removed with dilute 
-- _____ sulphuric acid as instructed. 
Pickle 2 gave a dirty brass coloured stain after the 
initial dip. However, the 10-70% chromic acid solution 
removed this and left the zinc with a clean, bright surface. 
It was concluded that since on the basis of a rest 
potential of ~-800 mV indicating a clean surface, there was 
little to choose between the two pickling solutions. 
However, on surface appearance pickle 2 was superior and was 
chosen for these investigations. 
6.3.2 Tin 
The tin used in these experiments was in the form of 
metal foil (0.10 mmf'. It had both oxide and oil films present 
on its surface. A survey of available literature indicates 
'#C ,~. 5 "I. f,,'~1-1' 
.>-' . 
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that investigators use various methods for cleaning tin 
prior to experimentation viz:-
Bijimi 5 suggested cleaning the tin in 5% nitric acid 
for 12 minutes, rinsing in deionized water, rinsing for 2 
minutes in liquid acetone, drying in hot air and wiping 
1 "th ft b b t t" Ch 12" d" c ean w~ so ,a sor en ~ssue. ew ~mmerse t~n 
specimens in 15% trisodium phosphate solution at boiling 
temperature for 10 minutes, rinsing with water, abrading 
manually with fine emery paper, rinsing again with deion-
ized water and then with acetone. Finally drying in a stream 
of hot air. Shah and Eurof Davies 74 degreased specimens in 
A.R benzene in a Soxhlet apparatus. They then cathodically 
cleaned in an open beaker in 0.1 N Na 2C03 with the follow-
ing process parameters:-
Platinum gauze anode 
5 mA/cm 2 current 
12 V accumulation 
7 mins per face 
Specimens were then withdrawn with the current still on. 
They were washed in distilled water, then alcohol and dried 
for ten minutes. Neish and Donelson 75 degreased specimens 
in a solvent and then cathodically cleaned them in a dilute 
NaOH solution or a Na 2C03 solution (2-2.5 g/l). Gabe and 
Sripatr76 polished specimens on emery papers, finishing 
with a-AL 203• Clarke and Britton
77 cathodically cleaned tin 
for five minutes in cold 3% Na 2C03• Pugh, Warner and Gabe
78 
polished cast tin anodes on successive emery papers 
79 followed by fast-cutting alumina. Stirrup and Hampson 
polished their test electrodes on roughened glass prior to 
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experimentation. Kerr80 cathodically cleaned specimens in 
dilute Na 2C03 solution to remove any air-formed oxide film. 
Ragheb and Kamel 'S restricted pre-experimental treatment 
to polishing with different grades of emery paper - ~hey 
suggested that this type of cleaning would give results of 
more practical value under normal conditions. Bijimi 6 
cathodically cleaned specimens for cathodic polarization in 
13 g/l Na 2C03 at 40
0 C with i = 25 mA/cm2 and t = 30 secs. 
Tests were carried out to investigate the various 
cleaning methods. Dilute nitric acid was found to form a 
. white film after pickling. Hydrochloric acid was ineffective 
as it left oxide on the surfac~ Emery papers were considered 
to be of little use since the tin foil was uneven and hence 
abrasion left an intermittently cleaned surface. It was 
eventually decided that a cathodic cleaning method would be 
most suitable and an experiment was undertaken to find the 
most efficient solution. The results were as follows: 
Solution : 0.01 M sodium tungstate, pH 10, 
room temperature 
Cleaning solution and 
experimental parameters 
'As found' 
10 mins in 3 g/2 " Na2C0 3, 5 mA/cm, RT 
10 mins in 40 g~l * Na 2C03, 6 mA/cm , RT 
10 mins in 40 g~l * Na2C03 , 6 mA/cm , 65-77 oC 
Rest potential 
after 30 mins / mV vs sce 
-520 
-774 
-726 
-545 
- 56-
(n.b. from Pourbaix diagram of Sn - H20 system, for pH 
10, rest potential ~ -520 mV vs sce). 
* (One platinum anode was used, the specimen was turned 
after 5 minutes to ensure an even clean 
It was concluded, therefore, that the last method was 
the most satisfactory. 
6.4 Polarization Work 
6.4.1 Experimental Method 
A piece of tin or zinc of 1 cm width was cut from the 
.roll. The metal was pickled in the appropriate solution 
(see Section 6.3), washed first in distilled water, then 
acetone and dried in a hot air stream. The specimen was 
blanked off with PTFE tape until a surface area of 10 cm 2 
--··-.was in contact with the solution. It was mounted in a 
, , 
.', holder and placed in the processing solutions. The rest 
potential was measured and the potentiostat was switched 
, 
to run and the sweep unit activated. A plot of the cathodic 
polarization curve was obtained by connecting the chart 
recorder between the output and auxilIary sockets of the 
potentiostat. 
After sweeping the specimen through 3 volts over-
potential (or to 2 A current, whichever occurred first) it 
was removed from the vessel, washed thoroughly in distilled 
water, followed by acetone, and dried with hot air, and 
finally stored in a desic. cator. 
'-
-'-
I. " 
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6.4.2 Solutions 
1.0 M solutions of sodium chromate, molybdate and 
tungstate were used for most of the polarization work. 
However,' some early work was carried out on more dilute 
solutions. The solutions were tested at pHI s of 5,7,9 and 
, 
11, the alkalinity or acidity being adjusted with concen-
trated sodium hydroxide (NaOH) or sulphuric acid (H ZS04) 
6.5 Current-Time Experiments 
Current-time curves were carried out to analyse film 
growth or dissolution at various potentials on the cathodic 
polarization curve. 
6.5.1 Procedure 
A 10 cm Z piece of tin was cathodically cleaned in the 
standard way. It was then cathodically polarized in a 1.0 M, 
pH 7 sodium molybdate solution. The potential at which "fall-
back" occurred was recorded. 
Several tin samples were cut from the sheet and blanked 
2 
off until 10 cm was showing. Several current-time curves 
were then obtained at different potentials around that at 
which "fall-back" occurred. The procedure used to obtain 
current-time curves was as follows:-
(1) Place specimen in holder. 
(Z) Connect holder to working electrode 
connection of potentiostat. 
(3) Turn potentiostat control to 
required potential. 
(4) Switch from standby to run. 
(5) Place specimen in solution. 
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This method ensured the specimen was at the required 
potential when it was immersed in the solution and no 
rest potential type deposits could form. A plot of I vs t 
was obtained from the chart recorder. The specimens were 
immersed in the solution for one hour. They were removed 
from the vessel with the potentiostat still in the "run" 
position. Specimens were then washed in distilled water, 
acetone and then dried in hot air. 
6.6 ESCA Work 
6.6.1 Introduction 
X-ray photoelectron spectroscopy (ESCA) is a powerful 
analysing method in surface investigative work. The sample 
under investigation is illuminated with X-rays which remove 
--- ___ photoelectrons £rom the surface. These electrons are 
dependent on the chemical configuration of surface atoms. 
The kinetic energy of these electrons is determined by 
their X-ray energy and their electron binding energy. 
.. ;., 
-~ -
6.6.2 Specimens Tested 
Tin and zinc samples were tested; they had each been 
processed in a 1.0 M, pH 5 sodium molybdate solution. 
Sheets of both metals were pickled in the appropriate 
solutions and pieces were cut off and used to form a 
cathodic polarization curve. Samples were then taken from 
the same sheets and used to form coatings at potentials 
both before and after "fall-back". Samples were left for 
; five minutes in the solution. 
---
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6.6.3 ESCA Procedure 
The specimens were analysed by ESCA equipment of 
Loughborough Consultants Ltd. Specimens were analysed for 
elements present (counts per sec v kinetic energy) and for 
particular elemental peaks (counts per sec vs Binding 
energy). 
Surface constituents were then calculated from peak 
heights by computer, the results being given in elemental 
atomic and weight percentages. The binding energies of the 
molybdenum in the film were calculated and hence the oxi-
dation state in successive samples was obtained. 
6.7 Colouring Solution Work 
Some preparatory work was carried out to investigate 
the possibility of using a non-electrochemical process to 
impart a coating on zinc (henceforth called a dip solution). 
This work was carried out along similar lines to Yakimenko 
et al. 7 
6.7.1 Experimental Procedure 
A solution of 10 g/l sodium molybdate was made up and 
its pH was adjusted to pH 5.0 ± 0.2 with concentrated 
sulphuric acid. Work was carried out with varying dip times 
and prior surface preparation. Some work was also carried 
out to enable plots of weight gain vs immersion time to be 
constructed. 
'- --. 
., 
,.-, ' 
1-:,' . 
.: . 
d'l"' 
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6.8 400 hr Salt Spray Test 
6.8.1 Introduction 
The aim of the 400 hour salt spray test was to assess 
the corrosion resistance capabilities of molybdate and 
tungstate coatings in comparison with those of chromate. 
6.8.2 Experimental Procedure· 
Samples of both tin and zinc were exposed to various 
solution treatments. Duplicate samples were made for each 
processing solution. The processing solutions and immersion 
times are listed below:-
ZINC 
Solution 
10 g/l Sodium molybdate 
solution, pH 5 
" " " 
" " " 
. 10 g/1 Chromic Acid 
solution, pH 1.72 
'1.0M Sodium molybdate 
pH 5 
" " " 
" 
1.0M Sodium tungstate 
pH 5 
" " " 
" 
1.0 M Sodium chromate 
pH 5 
" " " 
" 
Immersion time 
/mins or// 
Overpotential 
held at /mV 
1 
3 
3 
800 
200 
800 
600 
Process Type 
Dip 
" 
Dip 
Electrochemical 
" 
Electrochemical 
" 
Electrochemical 
" 
-. 
. " 
TIN 
Solution 
10 g/l Chromic Acid 
pH 1.72 
1.0 M Sodium chromate 
pH 7 
" " " 
" 
1.0 M Sodium molybdate 
pH 7 
" " " 
" 
1.0 M Sodium tungstate 
pH 7 
" " " 
" 
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Immersion time 
/ mins, or 
Overpotential 
held at /mV 
3 
1000 
400 
1500 
zoo 
800 
Process Type 
Dip 
Electrochemical 
" 
Electrochemical 
" 
Electrochemical 
" 
- (All electrochemical test specimens were processed in 
solution for five minutes). 
With the electrochemically processed specimens two 
processing overpotentials were used. Their values were 
obtained from the cathodic polarization plots. The first 
processing overpotential was arranged so that it fell below 
,the "fall-back" point on the graph and the second above it. 
If the point on the curve indicated a change in the surface 
film, the protective capabilities of both types of film 
(i.e. before and after fall-back) could then be studied. 
Electrochemical processing of test specimens consisted 
of reusing the specimens to a given overpotential and leav-
ing them in the process solution for five minutes. After 
• 
--~ 
---
,.', 
", . ' 
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processing, specimens were washed in distilled water and 
then acetone and finally dried in a hot air stream. They 
were mounted on plasticine and placed in the tray of a 
salt spray cabinet. 
6.8.3 Salt Spray Test Procedure 
The samples were subjected to a salt spray solution of 
30 g/l sodium chloride for 400 hrs as per BS 3900. They were 
then removed, pickled in hydrochloric acid (where required), 
washed before being examined. 
RESULTS 
-'-
'-,' . 
~ .,. 
. . : 
; . . 
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CHAPTER 7 
RESULTS 
7.1 Polarization Work 
7.1.1 Cathodic Polarization in 0.1 M and 0.01 M Solutions 
Early cathodic polarization work was carried out on 
tin in mainly dilute sodium molybdate solutions. Fig. 8 
shows a series of curves which are typical of the general 
trend of results. The curves exhibit a fall in current 
approximately a third to mid-way through the polarization 
cycle. 
Work was then carried out to investigate if the 
phenomenon was in any way connected with prior surface 
cleaning of the tin specimens. It was speculated that the 
current fall off exhibited in the curves could be due to 
several factors viz:-
Ca) Reduction of a.tin oxide which was not 
removed by prior cleaning processes. 
(b) A reduction of molybdenum species on or 
at the tin surface. 
(c) Electrical faults in equipment (particularly 
the potentiostat). 
The first suggestion was examined by cathodically polarizing 
a series of tin specimens, each of a different surface 
preparation in a 1.0 M sodium molybdate solution at pH 7 and 
room temperature (see Figs. 9-11). The different pre-
treatments were as follows:-
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(1) 'As found' sample (no pre-treatment). 
(2) 1200 emery paper. 
(3) 1200 emergy paper, followed by dilute 
hydrochloric acid pickle. 
(4) Diamond paste. 
(5) 10 minutes in 8% hydrochloric acid. 
(6) Standard cathodic cleaning method. 
(7) Cathodic cleaning at 60 mA/cm2 (ten times 
the current density of the standard method). 
All samples except (1) and (6) exhibited a "fall-back" in 
. current during the polarization. 
Possible electrical faults were examined by carrying 
out a manual cathodic polarization, i.e. increasing the 
potential cathodically in steps of 50 mV/min (see Fig. 12). 
This experiment eliminated possible electronic interference 
from the sweep unit. A further experiment was carried out 
by manually polarizing a specimen using a different 
" . potentiostat. The phenomenon of fall-back occurred in both 
experiments thus discounting electrical faults as a possible 
theory. 
7.1.2 Cathodic Polarization of Tin in 1.0 M Sodium 
Chromate Solutions (Figs. 13-16) 
All specimens (except room temperature, pH 5) show 
• • fall-back characteristics to some extent. The degree of 
11 )t • n 
fall-back is strongest at pH 7. More than one fall-back 
area is shown on pH 9 and pH 11 curves. pH 5 curves also 
If p 0 0 indicate two fall-backs at 40 and 60 C. 
-' . . _-
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7.1.3 Cathodic Polarization of Tin in 1.0 M Sodium 
Molybdate Solutions (Figs. 17-20) 
k • 
The fall-back phenomenon was only clearly exhibited 
in specimens processed in pH 5 and pH7 solutions. Here the 
. " fall-back occurred at overpotentials between 700 and 1000 
mY. The room temperature and 400 C specimens at pH 9 showed 
• • 
a v~ry slight fall-back although this was not present at 
60°C. The phenomenon was not present with the pH 11 samples. 
However, pH 9 and pH 11 specimens had saw-tooth areas on 
• u 
their curves particularly in areas where fall-backs might 
have occurred at lower pH's. 
7.1.4 Cathodic Polarization of Tin in 1.0 M Sodium 
Tungstate Solutions (Figs. 21-24) 
• u 
Fall-back was only clearly shown to a high degree on 
. " the room temperature, pH 5 specimen. Slight fall-back was 
exhibited on the pH 5, 60°C specimen and also on all the 
• pH 7 samples. The pH 9 and pH 11 samples did not show fall-
., 
back to any significant degree but did show in most cases 
a saw-tooth type curve where the phenomenon might have been 
expected. The room temperature and 40oC, pH 7 samples also 
showed an almost small passive type region at higher over-
potentials. 
7.1.5 Cathodic Polarization of Zinc in 1.0 M Sodium 
Chromate Solutions (Figs. 25-28) 
~ ~ 
All curves indicated a fall-back in current at low 
overpotentials, i.e. below 300 mY. The room temperature, 
pH 5 curve also exhibited saw-tooth type characteristics at 
high overpotentials. Also, specimens processed in pH 5 and 
pH 7 solutions had an inflexion in their polarization curves 
---
,,' 
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at 600-900 mV overpotential. This inflexion phenomenon was 
not exhibited by the pH 9 and pH 11 samples. In all cases 
for a given potential the accompanying current density was 
for the most part higher for increasing process temperature. 
7.1.6 Cathodic Polarization of Zinc in 1.0 M Sodium 
Molybdate Solutions (Figs. 29-32) 
Q n . 
There is one fall-back on all curves, and two on pH 7, 
600 C and pH 5, 400 and 60°C. The displacement due to 
temperature between curves of the same pH was extremely 
small for the pH 11 group. 
7.1.7 Cathodic Polarization of Zinc in 1.0 M Sodium 
Tungstate Solutions (Figs. 33-36) 
. " Only the pH 11 curves show significant fall-back. 
5, 200 C show slight changes 
I, 'I 
in curvature at fall-back type . 0 overpotentials. pH 5 40 C 
and 600 C exhibit saw-tooth curves at similar overpotentials. 
7.1.8 Cathodic Polarization of Zinc in 1.0 M Ammonium 
Molybdate, pH 5.2 (Fig. 37) 
Ammonium molybdate was tested to see if it behaved in 
a similar manner to sodium molybdate. Zinc was cathodically 
polarized at temperatures of room temperature (RT) , 400 .and 
o • n 60 C. Fall-back was apparent at each temperature. 
7.1. 9 
7.1.9.1 
Solution Colour Changes during and after 
Cathodic Polarization 
Chromate Solutions 
1.0 M sodium chromate solutions when alkaline were 
yellow in colour. However, on the addition of concentrated 
\ ,. , 
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sulphuric acid and accompanying fall in pH the solutions 
turned orange in colour. 
7.1.9.2 Molybdate Solutions 
It was noted that during the addition of 98% sulphuric 
acid to 1.0 M sodium molybdate, pH 7, the solution showed 
a blue-green tinge. It was also noted that when zinc was 
placed in pH 5 mOlybdate solution the solution immediately 
around the zinc turned blue, and after polarization with 
either tin or zinc the solution was dark blue. Further 
polarization cycles turned it slightly green. 
It was noted that when potential-time curves were 
carried out with zinc in pH 5, 1.0 M sodium molybdate, a 
white gel formed which had the consistency of "cottage 
cheese". The whole reaction vessel had completely changed 
to~hls gel after approximately ten days. Tests were 
carried out to see if this process was reversible and 
additions of concentrated sodium hydroxide solution 
restored a clear, molybdate solution. 
7.1.9.3 Tungstate Solutions 
It was noted that on the addition of concentrated 
sulphuric acid to tungstate solutions yellow-white globules 
were formed and later dissolved. Also on leaving a solution 
of pH 9.5 overnight colourless crystals formed at the bottom 
of the reaction vessel. These crystals were only dissolved 
when the solution temperature was raised to above 60oC, 
," ' although the crystals reformed once the solution began to 
", cool. This phenomenon was also observed in other tungstate 
solutions of a lower pH. Clear 1.0 M tungstate solutions 
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became blue to blue-black on polarization at increasing 
, temperature at pH 7 and blue-black to black-brown on 
polarization at increasing temperature at pH 5. 
7. 2Current'-Time Curves 
"---
The current-time curves (Figs. 38-47) were carried 
out at the following absolute potentia1s: -829, -929, 
-1069, -1149, -1188, -1329, -1400, -1500, -1600, -1800 mY. 
The diagram below indicates the relative positions of these 
potentia1s on the cathodic polarization curve for tin in 
pH 7, 1.0 M sodium molybdate. 
-1800 
-1600 
-1500 
-1149 
-1069 
I 
" 
'---~-
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7.2.1 Description of Films Produced 
-829 mV 
-929 mV 
-1069 mV 
-1149 mV 
-1188 mV 
-1329 mV 
-1400 mV 
Bright, matt black film, poor adherence. 
As -829 mV but adherence slightly better. 
Bright matt black, surface not as smooth 
as (-829 and -929"mV). Film almost 
translucent under microscope. 
As -829 mV. 
.. .. .. 
Thin dirty coating underneath bright, 
matt black coating. Adherence poor. 
Dull matt black patches with mid matt 
brown patches. Poor adherence, powdery. 
-1500 mV : Mid brown matt colour. Colour uneven -
darker in some places. Adherence better -
dark top layer removed to reveal lighter 
lower layer. 
-1600 mV : Sample divided in two colourwise - top 
of specimen dark brown, bottom mid brown. 
Matt finish. Dark brown adherence good, 
light brown quite poor. 
-1800 mV Similar to -1600 mV. 
7.3 ESCA Work 
7.3.1 Experimental Conditions and Parameters 
V.G.Es" alab instrument. 
Background Pressure: 
XPS Analysis Parameters: 
X-Ray Energy 
Anode Voltage 
Anode Current 
-8 10 m bar 
Al ka 
15 kV 
20 mA 
'-"---
... 
Analysis Area 
Emission Angle 
Pass Energy 
Count Rate 
Ion Beam Parameters: 
Ion species 
Ion Energy 
Ion Current 
Gas Pressure 
7.3.2 Analysis 
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0.4 2 cm 
Normal 
100, 20 eV 
3xl04 Cps + 
Argon (Ar+) 
5 KeV 
20 J1A 
3xlO- S m bar 
The results of the elemental analysis are given in 
Table 8. The absolute concentrations are approximate, but 
comparisons between elements can be considered accurate. 
Table 9 summarises the binding energies of molybdenum and 
also other interesting constituents. The ion beam etch time 
o 
can be approximated to around 20 A per minute. Table 10 
outlines the binding energies for the Mo 3dS/2 peak and 
hence a comparison of the values between this and Table 9 
can be made. 
7.4 Colouring Solutions 
With a 10 g/l sodium mOlybdate solution with no additions, 
,', . no colouring of a pickled zinc specimen was apparent even 
after three minutes immersion. However, when the solution was 
adjusted to pH 5 with concentrated sulphuric acid, colouring 
was obtainable on immersion, with irridescent colours being 
produced initially and brown-black deposits occurring if 
longer process times were employed. 
. _---
'l~ '{' 
.,. , 
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Two different pickling solutions were used on the zinc, 
namely the dual chromic acid pickle and hydrochloric acid. 
The 1:1 distilled water: stock hydrochloric acid was found 
to give the best subsequent colouring." The dual chromic acid 
pickle gave rise to a patchy, unacceptable molybdate finish. 
Weight gain vs immersion time tests were carried out at 
room temperature and 40oC, and the colour changes for 
different immersion times were noted (Fig. 48). A typical 
colour change sequence for a zinc specimen cleaned with 
emery paper and then pickled with hydrochloric acid and 
tested at room temperature, is given below:-
Immersion time 
/secs 
30 
60 
90 
120 
1501 
} 
1801 
Colour 
Light grey-blue, irridescent 
Grey-buff, dark brown, 
irridescent round edges • 
Light brown centre, dark brown 
edges. 
Light brown, dark brown at 
edges. 
dark chocolate-brown. 
1.5 400 hour Salt Spray Test 
7.5.1 Tin Specimens 
The tin samples were corroded to a lesser degree than 
the zinc samples. There was no need to pickle the samples 
as the tin had no voluminous corrosion product adhering to 
its surface. The results of the post-test examinations are 
summarised in Table 11. 
------
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7.5.2 Zinc Specimens 
All the zinc samples except the 0 mV overpotential. 
electrochemical sodium chromate samples were covered with a 
thick, white corrosion product. To enable a visual exam-
ination of the zinc metal surface this white covering was 
removed by picking in a 50% by volume hydrochloric acid 
solution. The results of the visual examination, both before 
and after pickling, are summarised in Table 12. 
DISCUSSION 
----
:.". 
--~ .... 
'.' . 
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CHAPTER 8 
DISCUSSION 
8.1 Cathodic Polarization Curves 
8.1.1 General Comments 
The curves produced were in general of a typical 
cathodic type, similar to those produced by Bijimi 6 , cul-
minating in the approach to a limiting current density. 
The zinc polarization curves tended to be of a flatter 
nature showing a greater increase in current for a given 
rise in potential when compared to the tin curves. None 
of the 1.0 M oxy-anion concentrations curves actually 
reached a true limiting current, however, the general 
trend indicated they were approaching this stage. 
The main deviation was the appearance of a temporary 
fall in current broadly in the initial region of some 
cathodic curves (called "fall-back"). If the curves were 
viewed in isolation their appearance could be considered 
somewhat anodic in character, the "fall-back" region being 
reminiscent of a small anodic-passivation region. However, 
the near-limiting current nature of the later region of 
the curves differed sharply from the anodic form. 
8.1. 2 Analysis of "Fa"lT-Back" "Phenomenon 
The main point of interest arising was the phenomenon 
of "fall-back". Investigations suggested it to be genuine, 
certainly not of electrical-equipment malfunction origin, 
and possibly not due to a reduction of a surface oxide. 
--
--
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The existence of "fall-back" has not been widely 
61 
reported. However, Rachinskas et al have noted the 
phenomenon, which was exhibited by some metals in tungstate-
containing solutions. Furthermore a mechanism was suggested 
by which in an acidic solution W04
2
- is reduced and the 
products of this reduction are adsorbed on the cathode 
thus passivating it. Rachinskas et al suggests that the 
2-hydrogen ions discharge on the cathode before the W04 is 
reduced, and it is the liberation of hydrogen that actually 
2-
reduces the W04 ions. 
The theory put forward by Rachinskas et al is plausible, 
although hydrogen evolution usually appeared visually after 
the "fall-back" phenomenon in the experimental work of this 
thesis. It should be noted that Rachinskas et al did not 
report "fall-back" on their zinc sample in a tungstate 
containing solution. 
Bij imi 6 noted similar characteristics to "fall-back" 
in sodium chromate so~utions at pH 5 and 7. However, since 
he was using copper and stainless steel anodes he concluded 
that they were taking part in the reaction in some way, and 
that the curves so obtained were due to a '~epolarised 
anodic reaction" rather than cathodic. 
Whilst the conclusions made on this subject by Bijimi 
may be acceptable in this investigation only platinum anodes 
were used during cathodic polarization and it is unlikely 
that these contributed to the "fall-back" phenomenon in any 
way. 
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"Fall-b atk" occurred in the following 1.0 M oxy-anion 
solutions:-
Tin 
Sodium molybdate pH 5 RT, 40° , 60°C 
pH 7 RT, 40°, 60°C 
pH 9 RT, 40°C (slightly) 
Sodium chromate pH 5 40° , 60°C 
pH 7 RT, 40° , 60°C 
pH 9 RT, 40° 60°C (all to a , 
lesser extent) 
pH 11 RT, 40°, 60°C 
Sodium tungstate pH 5 RT, 60°C (slightly) 
pH 7 RT, 40° , 60°C (slightly) 
Zinc 
Sodium molybdate pH 5 ° RT, 40 , 60°C (all slightly) 
pH 7 RT (slightly), 40°C 60°C , 
(twice) 
pH 9 RT, 40°, 60°C (very slightly) 
pH 11 RT, 40°C, (slight), 60°C 
(slight) 
Sodium chromate pH 5 RT, 40° (s lightly), 60°C 
(inflexion) 
pH 7 RT, 40° , 60°C 
pH 9 RT, 40° , 60°C 
pH 11 RT, 40° , 60°C 
Sodium tungstate pH 9 RT, 40°C 
pH 11 RT, 40°C , 60°C (slightly) 
--. 
----
,-
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8.1.2.1 "Fall-Back" with Tin 
"Fall-back" occurred throughout the pH range tested 
in sodium chromate solutions except for room temperature, 
pH 5. The phenomenon was also exhibited in sodium molybdate 
solutions at pH 5, 7 and 9 and in sodium tungstate at pH 5 
and 7. It would appear that when tin is polarized in the 
less oxidizing environment of sodium molybdate and tungstate, 
"fall-back" can only occur at lower or near neutral pH's. 
8.1.2.2 "Fall-Back" with Zinc 
Again with sodium chromate, "fall-back" occurred 
throughout the tested pH range. This was also true for sodium 
molybdate, although the actual size of the phenomenon (in 
terms of current fall off) was in many cases smaller. Sodium 
tungstate only indicated this phenomenon at pH 9 and 11. 
8.1. 2. 3 Size of "Fa'U-Back" and Absolute Potential at 
which it' occurs (Tables 1'3 and 14) 
Referring to Table 13, for tin, it can be seen that 
generally the potential at which "fall-back" occurs increases 
with increasing pH. However, this trend does not occur with 
increasing temperature and in the majority of cases it 
actually falls. The size of the phenomenon (in terms of 
current density) in general increases with increasing temper-
ature. The phenomenon appears largest with molybdates, and 
smallest with chromates and tungstates, thus inferring it is 
" not connected with oxidizing power. 
, , 
, 
Referring to Ta1'l.le 14, for zinc, the "fall-back" 
potential increases with increasing pH. The phenomenon again 
appears to be largest in mOlybdate solutions in the majority 
of cases. 
-----
. '", 
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8.1.2.4 Terminology 
The unusual characteristic present in some of the 
cathodic polarization curves was termed "fall-back" after 
some deliberation. The mathematical term "inflexion" was 
considered, but this did not correctly describe the curve 
produced. "Cusp" was also considered but this describes 
the horn of a crescent and is clearly not correct. 
8.1.3 Possible Origins of "Fall-Back" 
8.1.3.1 Chromates 
Since the phenomenon exists throughout the tested pH 
'range, it would appear likely that solution changes around 
the cathode is not responsible for the "fall-back". For if 
the reaction 
was the cause, why was there a similar "fall-back" in the 
2-pH 5 chromate solution when the bUlk solution was Cr20 7 
because of the lower pH? 
8.1.3.2 Molybdates 
"Fall-back" seems to be observed with tin in molybdate 
solutions at pH 5-9 inclusive. This could be due to the 
formation of molybdenum blue (see Review Section, paragraph 
4.3.1.1, which is a mixture of oxide and hydroxide, with 
molybdenum in the VI and V oxidation states) around the 
cathode. This is caused by the low pH of the pH 5 solution 
and the increased concentration of H+ ions, thus causing a 
localized fall in pH in the pH 7 and 9 solutions. It is 
possible that with a bUlk solution of pH 11 the concentration 
.... 
, ,. 
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of hydrogen ions around the cathode is not sufficient to 
cause a large enough fall in pH. 
With zinc, "fall-back" occurs throughout the pH 
range, indicating that possibly zinc is taking more part 
in the reaction by going 
. 2-
reducing the Mo04 ions 
2+ into solution as Zn and 
to molybdenum blue. 
It is possible that in the cases of tin and zinc the 
2-Mo0 4 ~ molybdenum blue reaction causes the formation 
of a film on the cathode and so initiating the temporary 
fall in current. 
8.1.3.3 Tungstates 
For tin, "fall-back" only occurred at pH 5 and 7 and 
then only to a small extent. With zinc the phenomenon 
occurred at pH 9 and 11. A similar analysis to that concern-
\ ing the occurrence of "fall-back" with molybdates can be 
made with tungstates, which are also capable of forming 
bl . d (WVI d WV . d . f 1 bd ) ue OX1 es - an .., OX1 at10n states as or mo y enum. 
8.1.3.4 Cases where "Pall-Back" did not Occur 
With molybdate and tungstate solutions where "fall-back" 
was not present, the area on the graph where it possibly 
would have occurred at say a different pH, was of a "saw-
tooth" nature. This could indicate the formation and dis-
solution of surface films. It is possible that in this area 
of the curve there was a dynamic equilibrium thus:-
1>10 VI (or W VI) -->. Mo/W blue 
~
instead of the reaction proceeding from left to right and 
being accompanied by "fall-back". 
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8.1.4 Rest Potential Anomalies for Cathodic 
Polarization Specimens 
It is clear that in the case of tin in particular, 
the differences in rest potentials between samples in the 
----:-~same-solution-is_{{uite-high.-It-would-be expectecLihaL- __ .. __ _ 
, . 
",' 
'" 
., ," 
samples at different temperatures would have slightly 
differing rest potentials (c.f. Nernst equation which is 
temperature dependent). However, the differences exhibited 
by tin were much higher than can be explained by this 
equation. 
The reason for these anomalies is not clear, as the 
same pre-cleaning procedure was employed for every specimen. 
The method of obtaining rest potentials is a possible source 
of error. Specimens were immersed in the solution and their 
potential was recorded after ten minutes. It is possible 
(particularly in chromate solutions) for immersion films to 
have formed in this time but as theoretically all the 
specimens' surfaces were of a similar state before immersion, 
the large degree of variability in the rest potential 
values is still puzzling. 
The source ·of errors can really only be attributed to 
either the state of the tin surface, or the inhoIl.ogeneity 
of the surrounding solution (assuming equipment faults can 
be discount~~ .). Since the solution is unlikely to vary, 
the state of the surface of the tin can be the only source 
of error. However, the actual nature of surface contami-
nation is not clear. 
- ,-
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8.2 Current-Time Curves 
Curves at -829. -929. -1069. -1149. -1188 and -1329 
mV indicate a general exponential decay form which suggests 
that some film formation is occurring.- Since hydrogen 
evolution-was-brtly-noted to a srtfaTl-extent-on the--.;1069-arrd---
-1329 mV specimens. it is probable that these decay curves 
are the result of two processes. i.e. the film formation 
and the hydrogen evolution reaction as indicated in Fig. 53. 
The -1400 mV curve has an·initial film formation 
portion. There then appears to be a film dissolution process 
followed by general film growth. The remaining curves tend 
to indicate an initial rapid film formation followed by 
dissolution and then a steady current or slight film 
formation. Again these characteristics could be the result 
of two processes. see Fig. 54. 
The "saw-tooth" areas on curves at -829 and 1400 mV 
and the sudden reversal of the current on the -1069 mV 
sample. are possibly due to equipment malfunctions or 
pieces of the film breaking off. 
8.3 ESCA Work 
Examination of Tables 8 and 9 indicates that mOlybdenum 
is present in more than one chemical form on each zinc 
sample. The sample processed after "fall-back" had two 
distinct binding energies viz 299.5 eV and 230.9 eV. 
Reference to Table 10 indicates that these may be Mo 1V and 
MoY:. The zinc sample processed before "fall-back" did not 
show two distinct peaks. However. the spectrum is not well-
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resolved which suggests there is an additional species 
present having a binding energy in the region of 231 eV, 
which is probably MoY. 
The chemical state of the molybdenum in the tin 
samples-{ooth before-aridafter"faII-baclC") H more difficun 
to determine. However, the Mo 3d peak is well resolved, and 
it seems molybdenum is not present in more than one chemical 
form. 
Ion bombardment (etching) caused the molybdenum peak to 
broaden and become less well-resolved. The shape of the peak 
after ion bombardment was the same for all samples tested, 
and its position shifted to lower binding energies. This 
infers the ion beam was possibly inducing reduction of the 
molybdenum into a lower oxidation state. 
- __ 8.3.1 Comments 
---
There is little documented work on the chemical con-
'figuration of molybdate films. Bij imi 6 carried out work on 
tin samples passivated cathodically in 1.0 M, pH 9 chromate, 
molybdate and tungstate solutions at 40oC, and by applying 
a charge density of 300 mC/cm2• His conclusion was that molyb-
, VI 
denum was present as Mo-- in the film. However, Bijimi's 
processing solution was pH 9 compared with pH 5 used in this 
, project. 
'&.3.2 "Fall-Back"and a Pos'sible Molybdenum' Reduction 
Before ESCA investigations were undertaken it was postu-
, lated that the "fall-back" phenomenon in the curve was poss-
-. :iIily- an indication of a reduction of molybdenum species on 
"or near the cathode. However, results have shown little or no 
"----~ 
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change in the film composition before or after "fall-back". 
This suggests that certainly in pH 5 solutions the reduction 
could be galvanic or purely chemical, initiated as soon as 
the zinc is immersed in the solution (before applied 
cathodic -p()lafTzatlon beg ms)-.-The- first step courd-be- a--
zinc dissolution viz: 
--
ZnZ+ + Ze 
followed by a molybdenum reduction 
) Mo lV 
However, according to literature30 molybdenum blue is formed 
in such acidified solution when Snll for example, is present. 
Thus another possible mechanism is 
Sn
o 
--
S Z+ n + Ze __ S 4+ n + Ze 
SnZ+ + 1-10 Vi' ~ MoVI/Y. + Sn4+ 
(Molybdenum Blue) 
and the Mo VI/!J. is further reduced to MoY: in the case of tin 
and MoY/Mo N with zinc. 
A similar analogy can be made with tungstates which can 
also form the blue oxides. Chromates, however, do not behave 
in this manner. Their possible reduction path is from 
CrVI ~ Crlll, but in acidified solution the Cr04Z-_ 
·crZo7
Z
- is purely one of condensation polymerization and is 
not a redox reaction. In more concentrated acid solutions, 
of course, further polymerization can occur yielding tri-
chromate (cr 30 l0
Z
-) and tetrachromate (Cr4013
Z
-) ions 
characterized by their dark red colours; these are not 
believed to have been present in the solutions used in this 
investigation. 
-83-
8.4 400 Hour Salt Spray Tests 
8.4.1 Tin 
The tin samples showed little signs of corrosion other 
--'-'-'----__ thantarnishin~It_is_clearthat300_hours is not a severe, ___ _ 
--. 
enough test for tin. However, chromate and chromic acid 
(dip) specimens were generally the least affected. The 
molybdate coatings appeared to break down causing an almost 
irridescent staining (presumably remnants of the irridescent 
coating) • 
8.4.2 Zinc 
The 1.0 M sodium chromate, 0 mV overpotential specimens 
were by far the least corroded. The two samples having one 
patch of white corrosion product between them. The rest of 
the samples were attacked at a fairly similar level. 
It is interesting that although the 0 mV overpotential 
chromat'e samples were well protected, the 600 mV o.p. sample 
was heavily attacked. Possibly this was due to hydrogen 
evolved at the higher overpotential, in some way weakening 
the film during processing, perhaps leaving pores through 
which the salt solution could attack the zinc. 
8.5 Colouring Dip Solutions 
The 10 gll, pH 5 sodium molybdate colouring solution 
was found to provide a quick, relatively cheap and easy 
method of imparting a conversion coating on zinc. However, 
,c' referring to Fig. 48 it is apparent, certainly at room 
temperature, that the process appeared to reach a maximum 
film thickness after two minutes. The 400 C specimens showed 
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signs of behaving in a similar manner after about three 
minutes. Clearly further work is required using longer 
process times and different temperatures. 
8. 6 CoinmerciaI Exploitation-and-Ut-n-i-z-ationof--------
Molybdate and Tungstate Coatings 
Molybdates and tungstates 'enjoy an advantage over 
chromates in their relative non-toxicity. Thus, from an 
effluent disposal point of view, they are superior. Their 
value as inhibitors is well known and their adoption has 
been, to a large extent, the result of fears over the 
, toxicity of hexavalent chromates. Their use in the 
inhibitor field is well documented. Robertson 58 reported 
that in dilute solutions molybdates were as efficient as 
chromates, however, Chew and Gabe4 noted that molybdates 
. '--"and tungstates were generally ineffective except for specific 
.. : instances, such as tungstate at > 0.1 mM for copper and 
stainless steel, and in some cases molybdates actually 
increased corrosion. It seems that molybdates are primarily 
used as inhibitors with ferrous metals, e.g. iron3 ,AISI 
56 57 1010 steel and low carbon steel • They only seem to con-
. vey protection in aerated solution, whilst tungstates can 
inhibit without 'oxygen with copper, stainless steel and 
iron4• The use of molybdates has been extended to a combined 
system with sodium nitrate, and more recently to a range of 
heteropolymolybdates 82 and molybdophosphates 8l 
The synergistic use of molybdates and another species 
has been utilized in conversion coating formulations. The 
63 Mitsubishi Motor Corporation has patented a process which 
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is predominantly calcium molybdate but also contains sodium 
dichromate and phosphoric acid viz: 
IS-SO g/l 
0.1-0.5 g/l 
------------~~25-cc/l-- . 
, O. 20 cc/l 
Ca3Mo04 
K2 Cr20 7 
85%-H3PO~4-------------­
CH3COOH 
-', 
Van de Leest et al have patented a conversion coating 
system based on sodium tungstate for use on tin60 • Surfaces 
were subjected to a periodically reversed current in a weak 
acid:to weak alkaline solution, the soluble tungstate con-
centration of which was at least 0.02 M. In earlier work13 
Kr~jl and Van de Leest stated that similar coatings imparted 
adequate protection against aqueous corrosion and possessed 
sufficient sOlderability for most applications. 
Instead of aiming for a cathodically produced coating 
~ another option is to form it 
,"', . 
anodically. Although this has 
" 
.', : 
.. :.,., 
not been covered in this investigation experimentally, 
Bijimi5 ,6 has examined the anodic polarization of both tin 
and zinc in oxy-anion solutions in great detail. He uses 
the terms ip and ~E where the former is the degree of pass-
ivity and the latter the width or flexibility of passivity. 
His results suggest that if a room temperature coating 
. solution was to be used (for economic considerations) chromate 
was most successful at pH 5, but at pH 7 and 9 the choice was 
more difficult. Clearly for a viable commercial process ip 
must be as small as possible and ~E as large. Analysing 
Bijimi's results for tin at pH 7 and 9, tungstate appears to 
be superior to both molybdates and chromates. 
---
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With zinc Bijimi found molybdate passivated zinc in 
certain conditions, i.e. 0.1-1.0 M concentration, pH 7~9 
and temperatures in excess of 40oC. Results for tungstate 
solutions were similar. Optimum passivity was between pH 9 
and-ll- at-cotrcentra tYons' of-O-:-l~l-;-O-M-and . temperatures of'" 
40oC-60oC~ Bijimi only published 6E and ip values for pH 9 
in his thesis. For aerated solutions chromates were 
superior throughout the temperature range, particularly at 
the lower end. 
In assessing molybdates and tungstates as possible 
.. ·replacements for chromates as promoters of conversion coat-
ings costs must be analysed closely. If laboratory chemical 
prices are an indication, there has been a change in the 
pattern of prices of these oxy-anions. In 1977, ChewlZ 
stated that tungstates were approximately two and a half 
--- times as expensive as molybdates, which were a little more 
expensive than chromates. At the time of writing (1983) the 
price of molybdates has risen considerably to be greater 
than the price of tungstates, whilst chromates are much 
cheaper viz: 
1977 (after ChewlZ ) 
1983 (Fisons Catalogue) 
1981 
Na ZCr04 (anhydrous) £7-48 
Na ZMo04 .ZHZO £8-38 
Na ZW04 .ZHZO £ZO-68 
Na ZCr04 (anhydrous)£13-lZ 
Na ZMo04 .ZHZO £53-90 
Na2W04 .ZHZO £41-36 
--
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Clearly on a cost basis molybdates and tungstates are much 
more expensive, and as their molecular weights are larger 
than chromates, the cost of a particular molar concentration 
will be proportionally higher. However; this cost inequality 
-~etweenmolybdates, tungstates-andcnr6ma tes-is parhalTy 
offset when the cost of effluent treatment is taken into 
account. However, this would probably only be an initial 
capital outlay and would not involve regular high 
expenditure. 
---
"'. -
The use of a purely chemical dip treatment is one way 
of cutting costs. The process is simple and cheap in that 
solutions are dilut~but lengthy in time; they do not, of 
course, involve the costs of electrical instrumentation etc. 
Investigations made seem to indicate that the coatings 
produced on zinc have questionable corrosion resistance, 
certainly in a 400 hour salt spray test. Their resistance 
in a less aggressive atmosphere calls for investigation. 
The time taken in forming a coating is vital from a production 
point of view. It appears from an initial study that the 
weight gain vs time graph reaches a maximum film weight, thus 
negating the use of longer process time. Clearly a more 
lengthy and rigorous investigation is required. 
", .' ~ . 
CONCLUSIONS 
-----...... 
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CONCLUSIONS 
The following conclusions can be drawn from this 
research: -
Cathodic Polarization 
1. The cathodic polarization curves were of a conventional 
10 
shape, similar to those produced by Bijimi and others. 
2. Some curves had a region which exhibited a decrease in 
current (called "fall-back"). 
3. "Fall-back" did not occur as a result of equipment 
malfunction, and did not appear to be a reduction of 
a surface oxide. 
4. "Fall-back" occurred throughout the pH range on tin 
and zinc in sodium chromate. 
s. With tin in sodium molybdate, "fall-back" occurred at 
pH 5 and 7 and to some extent at pH 9. With zinc the 
phenomenon was noted throughout the pH range studied. 
6. "Fall-back" only occurred in sodium tungstate solutions 
with tin at pH 5 and 7, and with zinc at pH 9 and 11. 
7. Often where "fall-back" did not occur, the region on 
the graph where it would have been expected to appear 
was of.a "saw-tooth" nature, possibly indicating a 
film formation-dissolution process. 
8. A cathodic surface film containing molybdenum in the 
four and five valent states was formed and showed many 
characteristics typical of passive protection 
(conversion coating) films. 
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Current-Time Work 
1. Curves at a potential below -1500 mV indicate film 
growth • 
. 2. Curves at -1500 mV and above indicate generally a 
film formation/dissolution/formation . 
. 
3. Molybdate films change from black to brown at high 
potentials. 
4. This film colour change occurs at potentials where 
hydrogen evolution is present, indicating a possible 
film reduction. 
ESCA Investigations 
1. Molybdenum is in a reduced state in the cathodic 
films on both tin and zinc. 
2. On zinc ·1~oY. and Mo IV is present. 
3. On tin MoV is present. 
4. There appeirs to be no significant change in surface 
composition between before and after "fall-back". 
Colouring Dip Solution 
1. A 10 g/l, pH 5 sodium mOlybdate solutions will impart 
a coloured coating on zinc samples. 
2. A 50% by volume· stock hydrochloric acid pre-treatment 
promotes a better subsequent molybdate coating than 
the dual chromic acid pickle. 
3. Increasing the process temperature from room temperature 
to 400 C causes a subsequent gain in coating weight. 
·4. The coating weight increase reaches a maximum at a time 
which is dependent on the process temperature. 
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400 Hour Salt Spray Test 
1. The zinc, 1.0 M chromate, 0 mV overpotentialwas 
least corroded. 
2. All other zinc samples exhibited a fairly consistent 
degree of corrosion. 
3. The tin samples were less severely attacked. 
4. Chromate and chromic acid treated tin samples were 
the least tarnished, although the variation between 
different samples was small. 
Suggestions for Further Work 
1. The use of sodium molybdate as the main component of 
a conversion coating preparation which uses another 
additive, such as a phosphate and/or a chromate. 
2. Further ESCA work on films formed in molybdate 
solutions at different pH's including 7,9 and 11. 
3. ESCA work on tungstate coatings. 
4. Cathodic polarization curves on tin and zinc in 
different pH solutions, e.g. pH l-4'incl. and 12-14 
incl. 
5. Further work on dip colouring solutions exploring 
different concentrations, pH's and processing 
temperatures. 
6. The use of tungstate dip solutions. 
7. Comparisons of conversion coatings in a less aggressive 
(i.e. more appropriate) corrosion test. 
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APPENDIX 
An·odic Polarization Curves 
Figs. 49-52 1ndicate the anodic polarization results 
obtained. In general the curves show passivation for zinc 
in 1.0 M,. pH 9.5 aerated sodium tungstate solution and 1.0 M 
aerated pH 9.5 sodium mOlybdate. Zinc in 1.0 M, pH 9.5 
sodium chromate indicates passivation at high overpotentials 
at 200 C and slight·passivation at 400 C and 60oC. Tin in 
0.01 M, pH 5.1 sodium chromate showed multiple passivation. 
Preliminary Coulometric Analysis of Cathodically Formed 
Molybdate Coatings 
Two tin samples were processed in 1.0 M, pH 7 sodium 
molybdate. They were held at potentials before and after 
the "fall-back" phenomenon for three minutes. Analysis of 
the films was carried out by the International Tin Research 
Institute. An attempt was made to oxidize any components 
of the film by the technique proposed· by Britton16 to 
analyse chromate passivation.films. The coulometric trace 
showed no obvious signs of oxidation, indicating that perhaps 
the species was MoVI. Coulometric reduction in 0.001 M HBr 
showed no signs of reduction. The film was found to dissolve 
in hot NaOH solution indicating it would seem to be composed 
of molybdenum oxides. 
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PHOTOGRAPH 1 
Apparatus for potentiodynamic polarization 
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PHOTOGRAPH 2 
Polarization Cell 
PHOTOGRAPH 3 
Specimen Holder 
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Material 
Pure Tin (99.98%) 
Antimonial Tin (2.2% Sb) 
Cupriferous Tin (0.2% Cu) 
Nickel 
H.C. Copper 
70/30 Brass 
Zinc 
Cadmium 
Loss in weight after 
removal of corrosion 
product (mg/dm2) 
111 
112 
127 
306 
314 
345 
380 
879 
Table 1: Outdoor loss in weight tests of 
one year's duration. (After Britton17) 
Acid Weight loss 
2 (mg/dm /day) 
Under Hydrogen Under Oxygen 
3% Nitric 630 640 
6% Hydrochloric 60 11,100 
6% Sulphuric 35 4,300 
6% Acetic 15 2,300 
Table 2: Corrosion of tin by acids in presence and 
absence of oxygen. (After Britton17) 
.---.. 
~-
pH of Loss in 
Acid Solution Weight/ g 
Tartaric 2.14 0.020 
Lactic 2.23 0.029 
Citric 2.32 0.028 
Malic 2.41 0.022 
Succinic .2.73 nil 
Acetic 2.88 nil 
Oxalic 1. 46 0.058* 
Hydrochloric 1.05 0.042 
Sulphuric 1.16 0.019 
Phosphoric 1.71 0.002 
* Weight gain 
Table 3: Corrosion of tin (3xl in) fully immersed in 
0.1 N solutions of acids at 2So C for seven 
days. (After Britton17) 
--
I." 
Electrolyte Tin Iron Potential 
Difference * 
(Sn-Fe) 
0.025 M Hel -299 -330 +31 
0.1 M Hel -297 -319 +22 
1.0 M Hel -337 -282 - 55 
0.06 M Citric acid -301 -273 -28 
(Cranberries) 
0.07 M Tartaric acid -325 -265 -65 
(Grapes) 
0.08 M Malic acid -335 -319 -16 
(Apples) 
* positive: iron is anodic 
negative: tin is anodic 
Table 4: Rest Potential for tin-iron couples (mV). 
(After Gabe19 ) 
I 
.. ,\ 
. i 
. Exposure for 5 years <. 
.. Type of ; Corrosion rate Ratio Estimated I 
Site Atmosphere llm/yr Ingot life o~ 
Ingot Zinc Iron HOg/m to zinc/ycoa ting Iron Zinc ears 
L1anwrtyd Wells Rural 56 2 24 . 34 
Ca1shot, Hants Marine 114 3 34 23 
Motherwell, Scotland Industrial 61 5 13 17 
Woolwich, Kent Industrial 69 4 17 19 
Sheffield (University) Industrial 86 5 17 15 
Sheffield (Attercliffe) Industrial' 119 15 8 5 
Basrah, Iraq Dry, sub-tropical 8 0.3 30 300 
Apapa, Nigeria Marine tropical 20 0.8 27 100 
Conge11a, Durban Marine industrial 76 5 17 17 
#I These lives have been calculated on the assumption that 10% of the original 
zinc remains when rusting of the base. steel begins, which has been found to 
be true for coatings of reasonable uniformity. 
Table ·5: Lives of 610 g/m2 zinc coatings in various atmospheres from exposure tests 
22 
of the Btitish Iron and Steel Research Association. (After Z.D.A. ) 
#I 
· . 
.- '! 
Country Amount 
106 t W content 
China 0.95 
USSR 0.16 
Canada 0.22 
USA 0.11 
N. Korea 0.11 
S. Korea 0.05 
Australia 0.04 
Bolivia 0.04 
Burma 0.03 
Thailand 0.02 
Brazil 0.02 
Malaysia 0.02 
Portugal 0.01 
Rest 0.02 
Total 1. 80 
I 
! 
i !. 
I 
Country 
Communist countries 
North America 
Asia (non-communist) 
South and Central America 
Western Europe (non-communist) 
Australia 
Africa 
Total 
Table 6: Distribution of tungsten reserves. (After Roebuck28 ) 
Amount 
106 t W content 
1. 30 
0.35 
0.16 
0.09 
0.07 
0.05 
0.02 
2.04 
I 
" I 
I 
. I 
1973 1974 1975 1976 1977 1978 1979 1980* 
Production** 
U. S. 119 113 107 113 123 132 143 145 
Canada 27 29 32 31 33 31 22 30 
. 
Chile 11 21 23 24 24 29 30 28 
Other 2 2 2 3 3 2 3 4 
TOTAL 159 165 164 171 183 194 198 207 
Consumptiont 
U.S. 70 75 55 57 60 69 71 60 
Western-Europe 65 78 66 70 70 72 75 66 
Eastern Bloc 12 14 15 15 17 22 22 18 
Japan 23 27 21 25 24 25 25 26 
Other 11 13 11 10 11 12 12 12 
TOTAL 181 207 168 177 182 200 205 .182 
* Preliminary 
** In Western Countries 
t Of mOlybdenum produced in Western countries 
Table 7: Historical Pattern for Molybdenum Production/Consumption (million 1b Mo). 
(After Barr31 ) 
Composition atom % 
Sample Etch Time Mo C Sn Zn 0 Na 
/mins 
Sn Before 0 14.9 35.9 0.3 - 47.3 1.7 .' 
3 28. i! 0.0 1.0 - 70.2 0.0 
9 31. 5 0.0 1.8 - 66.7 0.0 
Sn After 0 15.4 30.6 1.3 - 48.3 4.3 
3 28.0 0.0 0.5 - 71. 5 0.0 
9 33.5 0.0 . 1.0 - 65 .. 5. 0.0 
Zn Before 0 7.5 27.0 
-
19.5 46.1 0.0 
3 18.3 0.0 - 28.6 53.1 0.0 
9 22.8 0.0 - 22.4 54.8 0.0 
Zn After 0 14.5 23.9 - 3.8 48.5 9.3 
-- 3 28.6 0.0 - 8.1 62.1 1.2 
9 29.5 0.0 - 10.7 58.7 1.0 
Table 8: ESCA atomic percentage elemental analysis • 
.. : ' 
/ 
, 
. . I 
Energy Sample Etch Time Mo(3d5/2) 0(15) Zn(2p3/2) (O-Mo) 
Reference /mins 
C Zn Before 0 229.9 530.9 1021. 9 301.0 
Zn 3 229.2 
- -
Zn 9 228.9 - . -
C Zn After 0 229.5,230.9 530.0 1021. 3 299.1 
Zn 3 228.0 - -
Zn 9 228.3 - -
C Sn Before 0 231.6 530.8 - 299.4 
- 3 - - - 302.0 
- 9 - - - 301. 8 
C Sn After 0 231. 6 530.8 - 299.4 
- 3 301. 5 
- 9 301.5 
Table 9: Principal Binding Energies/eV. 
.'" i , .. . , . . . i . 
Compound ' , Valence State ; Binding Energy Source I 
C/eV) , 
Mo02 Mo IV 229.2 Handbook 
MoCl s MoY: 230.8 Handbook -
Mo03 Mo
VI 232.5 Measured from Standard 
- supplied 
Na 2Mo04 MoTI. 232.1 Handbook 
Table 10: Binding Energies for the Mo 3d 5/2 peak. 
j 
. 
Sample Surface after Test 
1 A few white/yellow coloured 
deposits and general disco1ouration 
2 Slight disco1ouration 
3 Slight disco1ouration 
4 Irridescent staining 
5 Dark brown staining 
6 Medium to heavy staining 
7 Dark brown staining 
8 Slight to medium staining 
1 'As cleaned' 
2 E1ectrochemica1, 1.0 M sodium chromate, 
pH 7, OmV O.P. 
----
-- 3 E1ectrochemica1, 1.0 M sodium chromate, 
pH 7, 1000mV O.P. 
4 E1ectrochemica1, 1.0 M sodium molybdate, 
pH 7, 400mV O.P. 
5 E1ectrochemica1, loOM sodium molybdate, 
. pH 7, 1000mV O.P. 
6 E1ec trochemica1, 1.0 M sodium tungstate, 
.pH 7, 200mV O.P. 
7 E1ectrochemica1, loOM sodium tungstate, 
pH 7, 800mV O.P. 
8 10 g/l chromic acid dip. 
Table 11: 400 hour salt spray tests for tin. 
-;-._-
,', . 
., . 
Surface After Test 
Sample Before Pickling After Pickling 
-.--- ---1----------------1--------------1 
1 
2 
3 
4 
5 
6 
7 
8. 
9 
10 
Covered with white 
corrosion product. 
" 
" 
Some patches of black 
molybdate coating 
showing through 
corrosion product. 
White corrosion product, 
more molybdate coating 
showing through than 4. 
A little coating showing 
through corrosion 
product. 
A little of the coating 
showing through. 
Colour faded somewhat. 
One corrosion ring. 
White·corrosion product, 
a little of the coating 
showing through. 
Thick, white corrosion 
product. 
Etched surface, 
small hole at 
interface with 
insulating. 
More molybdate coating 
intact than 1. Surface 
had round white/blue 
rings of corrosion 
product intact. 
Surface not as badly 
attacked as 1 or 2. 
Some rings present. 
Some black coating 
intact, some rings 
present. Surface not 
badly attacked. 
Surface reasonable. 
Some rings, surface 
not heavily attacked. 
As 6. 
No pickling required. 
Surface etched. 
More attacked than 
other samples. Rings 
present. 
continued .•• 
. " 
" , 
."". 
Key 
1 10 g/l sodium molybdate, pH 5 dip, 1 min. 
2 .. .. .. .. .. 3 min. 
3 10,g/1 chromic acid dip. 
4 Electrochemical, 1.0 M sodium molybdate, pH 5, SOmV O.P. 
5 .. .. .. .. .. ,SOOmV O.P • 
6 Electrochemical,· 1.0 M sodium tungstate, pH s,200mV O.P. 
7 .. .. .. .. ... ,SOOmV O. P • 
S Electrochemical, 1.0 M sodium chromate, pH 5, OmV O. P. 
9 .. .. .. .. .. 600mV O.P. , 
10 - 'As pickled' • 
Table 12: 400 hour salt spray tests for zinc. 
"-Solution pH Approximate,-Potel;l~i,al Approximate length 
at which ,"fall-bads" of "fall-back" 
began / mV"(Absolute') / mA cm- 2 
~-,_./ 
Chromate 5 RT 
- -
-
40°C -750 - 0.004 
. 60°C -740 0.004 
.. 
' .. 
" 7 RT -B60 0.035 , 
40°C -7BO 0.07 
60°C -780 0.115 
" 9 RT -1350,-1650 0.01,0.03 
40°C -1740, 'inflexion 
60°C ~950,-16BO near inf1exion,inflexion 
" 11 RT -l1BO,-13l0 0.01,0.03 
40°C -l1BO, -1660 0.25,0.1 
60°C -1130,-1520,-1760 .0.29,0.1,0.3 
Tungstate 5 RT -1310 1.7 
40°C 
-
-' 60°C -910 O.B 
" 7 RT -1150 0.01 
40°C -1120 0.04 
60°C -1110 0.01 
~ __ Molybda te 5 RT -110B 4.9 
40°C -lOBO 7.5 
," . 60°C -1030 12 , . 
- . 
" 7 RT -1170 loB 
.... , 
40°C -1110 3.B 
60°C -1130 4.7 
'. " 
9 RT -1420 0.1 
" 40°C ~1660 0.2 
"' 
60°C 
- -
. , 
. . 
Table 13: Tin: size of "fall-back" and absolute 
- _." ..•• _./1 
potential at which it occurred. 
, ., ',. 
" ,", 
.', '.e",' <,' 
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;,,-
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:. 
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-" , 
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"', ' 
., 
.,'" 
. ,:.;-",;.-" 
. 
Solution pH Approximate Potential Approximate length 
at which "fall-back" of "fall-2ack" 
began / mV (Absolute) / mA cm-
Chromate 5 RT -1030 
-
0.144 
40°C -1060 0.002 
60°C -1020 . inflexion 
" 7 RT -1130 0.06 
40°C -1070 0.068 
60°C -1090 0.022 
" 9 RT -1220 0.027 
40°C -1210 0.049 
60°C -1230 0.048 
" 11 RT -1320 3.3 
40°C -1300 4.0 
60°C -1290 7 
Tungstate 9 RT -1170 0.048 
40°C -1170 0.008 
60°C 
- -
" 11 RT -1230 0.011 
40°C -1210 0.017 
60°C -1200 0.002 
Molybdate 5 RT -1100 0.015 
40°C -1240 1.5 
60°C -1180 0.7 
" 7 RT .-1100 0.003 
40°C -1090 0.03 
60°C -1060,-1320 0.4,1.6 
" 9 RT -1210 Near inflexion 
40°C -1200 Near inflexion 
60°C -1220 0.01 
" 11 RT -1350 0.021 
40°C -1300 0.005 
60°C -1280 0.02 
Table 14: Zinc: size of "fall-back" and absolute 
potential at which it occurred. 
, 
-
-2 -1 0 1 2 3 4 6 6 7 B 9 10 11 12 13 14 15 16 2,2 2,2 [(VJ
2 2 
I.B 1,8 
0-2 4. 6 6 4 2 0 
L6 1,6 
lA (2 1,4 
--1,2 1,2 
0,8 0,8 
0,6 Sn++++ 
--
0,6 
--
-0,4 
--
0,4 
--
----- 0,2 
5n03- 0 
-0,2 
-0,4 
-0,4 
-0,6 
-0,6 
". :- -O,B -0,8 
-I -I 
-1,2 -1,2 
.,". 
-1,4 
SnHf 
-1,4 , 
, 
-1,6 logpS H. = i/-2 -4- -1,6 n 4 , 
J 
-1,8 J -1,8 
-2 -I 0 2 3 4 5 6 7 8 S 10 11 12 13 14 15pH16 
.---~-.. -. 
Fig. 1: Pourbaix diagram for tin (After pourbai-x83). 
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Fig. 2: Pourbaix diagram for zinc (After pourbaix83) 
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Fig. 3: Corrosion rate of tin as a function of pH 
(After pourbaix83) 
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Fig. 5: Sweep rate comparison using anodic polarization 
of zinc in 0.1 M, aerated sodium tungstate 
solution, pH 9.4, room temperature. 
: ' 
" 
. '. : 
. ~., 
> 
'" ... / 
i 
3 ~----------------------------~/-··--~r-~--~----------------~ ........ <" 
..... ...... .""" . 
./ .... ", ... 
/~". 
.. ? ...... ' 
.. .,--
.. ..,----; 
----. . 
.".... ... .. '/ 
,.,.,." ... , 
,.,,' • • I 
.-,.,~: ~I 
" • • I 
• 
• 
Key 
Sweep Rate/mV min- 1 
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Fig. 6: Cathode comparison using anodic polarization of 
zinc in 0.1 M, aerated sodium molybdate solution, 
pH 5, room temperature. 
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Fig. 7: Anode comparison using cathodic polarization of 
zinc in 0.1 M, aerated sodium tungstate solution, 
pH 9.3, room temperature. 
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Fig. 8: Cathodic polarization of tin in 0.1 M, aerated 
sodium molybdate solution, pH S. 
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Fig. 9: Cathodic polarization of 'as found' tin in 1.0 M 
aerated, sodium molybdate solution, pH 7, room 
temperature. 
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Fig. 10: Tin cleaning methods using cathodic polarization 
of tin in aerated, 1.0 M sodium molybdate 
solution, pH 7, room temperature. 
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Fig. 11: Tin cleaning methods using cathodic polarization 
of tin in aerated, 1.0 M sodium molybdate 
solution, pH 7, room temperature. 
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Fig. 12; "Stepwise" cathodic polarization of tin in 
aerated, 1.0 M sodium molybdate solution, 
pH 7, room temperature. 
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Fig. 13: Cathodic polarization of tin in 1.0 M, aerated, 
sodium chromate solution, pH S. 
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Fig. 14: Cathodic polarization of tin in 1.0 M, aerated 
sodium chromate solution, pH 7. 
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Fig. IS: Cathodic polarization of tin in 1.0 M, aerated 
sodium chromate solution, pH 9. 
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Fig. 16: Cathodic polarization of tin in 1.0 M, aerated, 
sodium chromate solution, pH 11. 
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Fig. 17: Cathodic polarization of tin in 1.0 M, aerated 
sodium mOlybdate solution, pH S. 
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Fig. 18: Cathodic polarization of tin in 1.0 M, aerated 
sodium mOlybdate solution, pH 7. 
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Fig. 19: 
, 
Cathodic polarization of tin in 1.0 M, aerated' 
sodium molybdate solution, pH 9. 
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Fig. 20: Cathodic polarization of tin in 1.0 M, aerated 
sodium molybdate solution, pH 11. 
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Fig. 21: 
--
Cathodic polarization of tin in 1.0 M, aerated 
sodium tungstate solution, pH S. 
';: . 
. , ",. 
" , 1· 
',- ,~ 
. , 
- '-"; 
. 
•• ' <. 
"., 
. ~- L', 
' . 
. . 
. ';. 
> 
rn 
./ 
./ 
./ 
./ 
/ 
/ 
./. 60·C . 
/ 
,/ 
/ 
--
---o -----: 
0.01 
- - ---
. - . ------+-
O~ 1 10 
CurrentDensity/mA cm- 2 
./ 
./ 
/ 
/ 
/ 
/ 
I 
I 
/ 
/ 
I 
I 
I 
/ . 
I I 
I / 
/ 
100 
. *- ,",_'+.,i5 "':'t, 

Fig. 22: Cathodic pOlarization of tin in 1.0 M, aerated 
sodium tungstate solution, pH·7. 
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Fig. 23: Cathodic polarization of tin in 1.0 M, aerated 
sodium tungstate solution, pH 9. 
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Fig. 24: Cathodic polarization of tin in 1.0 M, aerated 
sodium tungstate solution, pH 11. 
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Fig. 25: 
" .-." 
,~ , .. 
. 
~ ;" . 
I' , 
j.:' 
; . 
\." . 
' .. 
, . 
Cathodic polarization of zinc in 1.0 M, aerated, 
sodium chromate solution, pH 5. 
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Fig. 26: Cathodic polarization of zinc in 1.0 M, aerated 
sodium chromate solution, pH 7. 
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Fig. 27: Cathodic polarization of zinc in 1.0 M aerated, 
sodium chromate solution, pH 9. 
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Fig. 28: Cathodic polarization of zinc in 1.0 M aerated, 
sodium chromate solution, pH 11. 
> 
...... 
..... 
os 
..... 
.., 
r:: 
(J) 
.., 
o 
P-
I-< 
(J) 
> 
, 
.' 
3r-------------~----------------------------------------------------~---
2 
Rest Potentia1/mV 
RT -1149 
40°C -1160 
60°C -1151 
/ 
/ 
// I 
• 
// 
" . 
o 1 / / ,. . 
,,'" /. rn " . 
". --:,/' GQC 
.... "..... 
.... 
~~~~---;-"..... .-.- .- .''''::;''' . -_.- -~.-, ...... - -,.-.----:-----. - ---- .--.---- - . .-.....--
- - - - - - - - - --.,-=-=., 
OL---------------~--------------~----------------~--------------~----0.01 0.1 \ 
Current Density/mA cm-
10 100 

Fig. 29: Cathodic polarization of zinc in 1.0 M aerated, 
sodium molybdate solution, pH S. 
.', ;.' 
3 
Rest Potentia1/mV 
RT -1016 
40°C -997 
60°C -993 
2 
1 
I 
I 
\ 
" 7 
. 
nr d' /' .J 
I 
I 
I • 
I ~ 
• 
I 
_------------._=-:. _~. _ ._!:}~;:'. f 60°C 
Ol-------~~YU~-~.-~.~-~-~.~-~.~-~·=:~·~~·~-~·-~·-:·~-::·~·~-:.~-~.-::.:-~.=-~. ______________ ~ ______________________ _L ____ ~ 
0.01 ~j 1 10 100 
Current Density/mA cm- 2 

,~ ...' 
! 
Fig. 30: Cathodic polarization of zinc in 1.0 M aerated, 
sodium molybdate solution, pH 7. 
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Fig. 31: Cathodic polarization of zinc in 1.0 M aerated, 
sodium molybdate solution, pH 9. 
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Fig. 32: 
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Cathodic polarization of zinc in 1.0 M aerated, ' 
, 
sodium molybdate solution, pH 11.1 
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Fig. 33: Cathodic polarization of zinc in 1. 0 M aerated, " 
sodium tungstate solution, pH S. 
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Fig. 34: 
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Cathodic polarization of zinc in 1.0 M aerated, 
" .. ' ~ -
sodium tungstate solution, pH 7. I 
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Fig. 35: 
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Cathodic polarization of zinc in 1.0 M aerate~,' 
sodium tungstate solution, pH 9. 
!. 
' .• it: 
" 
\. '." 
1" 
\ 
. ,'. 
.'/' 
. . ,~ 
. . 
3 
Rest Potential/mV 
RT -1120 
40°C -1135 
60°C -1127 
2 
> 
"-
.... 
ol 
'M 
.... 
~ 
<I) 
.... 
0 
Q. 
M 
<I) 
> 0 
1 
- --
- -
- - - --- -- ---_.--.- ---
-- .--. 
0.01 0.1 1 Current Density/mA cm- 2 
, :,. 
I 
I 
, , 
'/ / . 
// 
I, 
RT .I~ 
.I • 
/. "/ 
r ~o·c <' /' 
.;/ 
; . ;/ _ .... 
----- . 
-..- - .~ 
.-.----
10 100 \ 

Fig. 36: Cathodic polarization of zinc in 1.0 M aerated,· 
sodium tungstate solution, pH 11. 
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Fig. 37: Cathodic polarization of zinc in 0.01 M 
aerated, ammonium molybdate solution, pH S.2. 
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Figs. 38-47 inel: 
~------
Current vs time curves for tin 
specimens in 1.0 M aerated, 
sodium molybdate solution, pH 7. 
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Fig. 48: Weight gain vs time plot for zinc samples in a 
10 g/l, pH S, sodium molybdate solution. 
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Fig. 49: 
"'-" 
Anodic polarization of zinc in 1.0 M aerated, 
sodium tungstate solution, pH 9.S. 
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Fig. 50: 
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Anodic polarization of zinc in 1.0 M aerated, 
sodium molybdate solution, pH 9.5. 
,. 
'. , . 
. i:' 
, 
L 
, 
.~' ' 
.. . . -. ~ , 
; 
',.' .,;.' 
!: 
• '~f """.' 
> 
...... 
...... 
C1l 
..... 
.., 
~ 
<l.l 
.., 
o 
P-
.... 
<l.l 
3 
2 
> 1 o 
Rest Potential/mV 
P.T -743 
40°C -793 
------ -- -- - - --
'! -, 
I 
I 
; . 
j 
/. 
I 
1 40'C 
I 
I 
I 
I 
I 
\ 
" 
_5'" - - "".-- - -
..... 
.... 
" ..... 
." 
.... 
..... 
.... .... 
.... 
.... 
.... 
" \ 
I 
I 
'" ... 
--
---
-
- -
-
oL---------------~--------------~1,_----~--------~10 
0.01 0.1current Density/mA cm-2 
~r._ •. ! ,'.;.' -' ,1 .. . ,t. d", " •• __ .'" ,' .. 

Fig. 51: Anodic polarization of zinc in 1.0 M aerated, 
sodium chromate solution, pH 9.5. 
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Fig. 52: 
• >. 
Anodic polarization of tin in 
sodium chromate solution, pH 
0.01 
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Fig. 53: Film formation at low potentials. 
. ~ .. 
. ,,~ ~,.,.,." . 
. . 
. "'k'" 
Fig. 54: Film formation at high potentials. 
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